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SECTION  I 


FLUID  AND  LUBRICANT  STUDIES 


1 . SUMMARY 


Studies  have  been  continued  to  understand  better  the  Interaction  of 
lubricants  and  working  fluids  and  the  environment  in  which  these  materials 
must  function.  A new  microtest  for  the  evaluation  of  the  oxidative  and 
thermal  degradation  of  fluids  and  lubricants  has  been  developed.  This  test, 
in  conjunction  with  gel  permeation  chromatography,  promises  to  provide  a means 
for  the  rapid  determination  of  the  extent  of  oxidative  and  additive  degradation. 
A PRL  small  capillary  viscometer  has  been  developed  to  study  the  apparent 
existence  of  a film  near  the  bearing  surface  with  viscosity  properties 
considerably  different  from  those  of  the  bulk  lubricant.  Studies  discussed  in 
Annual  Report  AFML-TR-74-201,  Part  II,;relative  to  an  improved  understanding 
of  the  lubrication  mechanism  in  the  concentrated  contact  area  have  been 
continued  and  expanded.  4, 

It  has  always  been  imperative  to  develop  laboratory  procedures  and 
methods  that  would  simulate  actual  conditions  to  which  different  materials 
are  exposed  in  operative  conditions.  The  development  of  such  tests  not  only 
has  obvious  economical  advantages  since  laboratory  tests,  typically,  are 
cheap  and  fast,  but  also  provides  a better  understanding  of  the  different 
phenomena  that  occur  while  the  materials  are  being  used.  A better  under- 
standing is  achieved  because  such  tests  provide  a means  for  strict  control  of 
all  variables  that  could  affect  their  performance.  In  general,  these 
laboratory  tests  can  be  easily  reproduced  with  consistent  resulfr.j,  but  often 
the  results  are  difficult  to  interpret. 

In  the  case  of  the  oxidative  deterioration  of  lubricating  fluids,  the 
difficulty  of  interpretation  is  a direct  consequence  of  the  presence  of  gas- 
liquid  and  solid-liquid  interfaces.  Variations  in  the  size  and  properties  of 
these  interfaces  at  different  stages  of  deterioration  complicate  the  analysis 
of  the  effect  of  different  variables.  Comparisons  between  various  fluids  are 
also  of  dubious  value  when  the  constancy  of  properties  of  these  interfaces 
cannot  be  guaranteed. 

An  additional  but  not  less  significant  limitation  to  the  understanding 
of  the  problem  is  that  numerous  chemical  reactions  have  been  postulated  or 
proven  to  occur  during  the  deteriorative  process.  Also,  many  factors  such  as 
catalysts,  temperature,  inhibitors,  natural  Inhibitors,  oxidation  products 
and  volatile  compounds  have  been  shown  to  modify  the  oxidative  leslstance  of 
lubricants.  ^ 

In  order  to  overcome  the  first  difficulty,  a new  oxidative  test  in  which 
large  and  standardized  gas-liquid  and  solid-liquid  surfaces  are  provided  has 
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been  developed.  An  attempt  will  be  made  in  future  studies  to  by-pass  the 
second  complication  by  means  of  a phenomeno  gical  model  (a  simplified  reaction 
scheme)  where  few  homogeneous,  irreversible  and  first  order  reactions  are 
postulated.  The  model's  validity  will  then  be  analyzed. 

Synthetic  esters  were  used  in  this  study  not  only  because  specific 
knowledge  in  the  area  was  needed,  but  also  because  they  are  a pure  chemical 
specie.  The  qualitative  and  quantitative  analyses  were  greatly  simplified. 

Gel  permeation  chromatography  has  proved  to  be  flexible  and  accurate,  and 
neither  limitations  nor  unreliabilities  in  this  technique  were  evident  during 
the  course  of  this  work. 

Current  Doundary  lubrication  theory  indicates  that  the  effectiveness  of 
lubricity  additives  may  be  related  to  their  ability  to  form  thick,  viscous 
films  at  the  bearing  metal  surfaces.  Boundary  lubrication  data  cannot  be 
used  to  predict  the  properties  of  these  films  because  of  the  complexities  of 
the  theoretical  equations.  The  economic  importance  of  boundary  lubrication 
led  to  this  study  of  the  flow  characteristics  of  various  lubrication  additive 
formulations  in  micropore  filters.  The  effects  of  base  fluid  viscosity,  mean 
pore  diameter,  and  additive  concentration  are  examined. 

The  flow  characteristics  of  the  additive  solutions  were  determined  by 
measuring  the  efflux  time  through  cellulose  filters  with  a mean  pore  diameter 
of  0.2  to  1.2  microns.  The  apparatus  used  was  similar  to  an  Ostwald-Fenske 
viscometer  with  a cellulose  filter  replacing  the  calibrated  capillary  tube. 
Variations  of  the  filter  pore  diameuer  are  small  with  99  percent  of  the  pores 
having  a diameter  within  seven  percent  of  the  mean  pore  diameter.  Porosity 
variations  were  taken  into  account  by  calibration  of  the  apparatus  with  a 
nonpolar  base  stock  of  super-refined  mineral  oil.  These  experiments  were 
performed  in  a constant-temperature  water  bath  at  100  degrees  Fahrenheit. 

A variety  ot  lubrication  additives  have  been  examined  in  this  apparatus 
including  organic  acids,  resin  fractions  of  paraffinic  crude  oil,  a barium 
sulfonate,  an  organic  phosphate,  and  Acrylolds. 

The  cellulose  filters  were  modeled  as  uniform  cylindrical  pores.  In 
addition  to  the  relative  uniformity  of  the  pore  structure,  flow  in  the  filter 
was  found  to  obey  Darcey's  law  for  the  nonpolar  base  fluids.  The  additives 
reduced  the  flow  rate  through  the  filter  by  an  amount  greater  than  that 
accountable  by  bulk  viscosity  effects.  This  reduction  in  flow  rate  was 
modeled  as  a rigid  adsorbed  film  on  the  capillary  surface.  This  effective 
film  thickness  was  found  to  remain  constant  or  Increase  with  increasing  mean 
pore  diameter  depending  upon  the  additive  type.  Additive  concentration  and 
base  oil  viscosity  have  only  secondary  effects  on  the  film  thickness. 

The  films  of  constant  thickness  are  of  the  same  order  of  magnitude  as 
monolayer  coverage.  Dimer  acid,  a dibasic  dimer  of  oleic  acid,  and  n-octyl 
polymethacrylates  exhibit  constant  film  thicknesses.  Dimer  acid  forms  a film 
approximately  15  Angstroms  thick.  The  n-octyl  polymethacry lates  form  films 
of  40  and  75  Angstroms;  film  thickness  increasing  with  increasing  molecular 
weight  of  the  polymer. 
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Oleic  acid,  the  resins  and  barium  sulfonate  exhibit  effective  film 
thicknesses  that  increase  with  increasing  mean  pore  diameter  and  are 
essentially  independent  of  additive  concentration  and  base  fluid  viscosity. 

The  effective  thickness  varies  from  less  than  a monolayer  to  greater  than  two 
monolayers . 

The  organic  phosphate  exhibits  a large  effective  film  thickness  and 
possibly  belongs  to  this  second  group  of  additives.  Stearic  acid  and  the 
Acryloids  also  form  thick  films  effectively  stopping  flow  in  the  filters. 

Findings  from  boundary  lubrication  data  Indicate  the  possibility  of 
Interference  with  combinations  of  additives  in  lubricants.  Results  of  this 
study  of  the  flow  in  thin  films  supports  this  theory.  Additionally  polar 
base  stocks  and  the  presence  of  oxidation  products  in  the  base  stock  interfere 
with  the  formation  of  surface  films.  Combinations  of  additives  apparently 
reduce  the  viscosity  or  thickness  of  the  viscous  sublayer.  On  the  other  hand, 
calibration  of  the  filter  with  a polar  base  stock  or  a base  stock  containing 
oxidation  products  appears  to  yield  an  erroneous  calibration  time  so  that 
either  the  Increase  in  efflux  time  is  not  apparent  or  the  film  formation  is 
prevented  on  the  filter  surfaces. 

In  addition,  a series  of  experiments  was  conducted  with  metal  filters. 

The  results  of  this  study  are  similar  to  those  observed  for  the  cellulose 
filters.  However,  the  irregularity  and  large  diameter  of  the  pores  in  the 
metal  filters  makes  them  a less  desirable  porous  media  to  use  in  studying  the 
fluid  flow  in  thin  films. 

Techniques  have  been  developed  which  allow  the  accurate  determination  of 
wear  debris  developed  using  the  four-ball  wear  tester.  These  techniques  and 
some  nonadditive  fluid  studies  are  discussed  in  Annual  Report  AFML-TR- 74-20, 

Part  II.  This  work  has  been  continued  using  additive-containing  lubricants. 

The  effect  of  the  operating  parameters  and  the  functional  groups  of  an 
alcohol,  a bromide,  and  an  acid  was  examined.  Preferential  and  competitive 
adsorption  of  polar  species  on  the  metal  surface  and  the  subsequent  reactions 
were  shown  to  be  the  key  process  in  boundary  lubrication.  Additive  competition 
showed  that  one  additive  could  completely  nullify  another.  Pure  aromatics  and 
alcohol  functional  group  seemed  to  provide  the  source  of  the  oil-soluble 
organo-metallic  compounds  (iron  compounds)  formed.  Chemically  active  groups 
like  acids  or  halides  appeared  to  give  rise  to  oil-insoluble  organo-metallic 
iron  formation. 

Phosphorus-containing  commercial  antiwear  additives  such  as  zinc  dialkyl- 
dlthiophosphate  (ZDP)  and  trlcresyl  phosphate  (TCP)  were  investigated  using 
the  experimental  technique  developed  in  this  study.  By  comparing  the  reaction 
product  distribution  from  the  wear  debris  analysis  of  ZDP  and  TCP  with  a 
phosphite  and  an  acid  phosphate,  physical  evidence  was  obtained  supporting  the 
notion  that  the  acid  phosphate  impurities  in  ZDP  and  TCP  probably  were  the 
arltiwear  agents.  Detailed  study  of  trlbutyl  phosphite  wear  product  distribution 
as  a function  of  temperatures  suggested  a hydrolytic  reaction  mechanism. 

Surface  temperature  has  been  demonstrated  in  this  study  to  be  the  key 
parameter  in  boundary  surface  interactions  both  physically  and  chemically. 

The  importance  of  the  chemical  interactions  in  boundary  conditions  is  shown. 
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2. 


DEVELOPMENT  OF  A AO  MlCROLITEk  OXIDATION  TEST 


A small  scale,  rapid  oxidation  test  capable  of  providing  a quantitative 
or  semiquantltative  evaluation  of  the  stable  life  as  well  as  the  degree  of 
degradation  of  base  stocks  and  fluid  formulations  for  aircraft  gas  turbine 
lubricants.  This  type  of  information  can  be  obtained  in  test  times  ranging 
from  one  minute  to  two  hours  as  opposed  to  test  times  of  three  days  to  a month 
required  using  modified  Spec.  MIL-L-7808  type  oxidation  and  corrosion  tests. 


a.  Test  Apparatus.  Oxidation  and  evaporation  tests  are  performed  using 
the  glass  tube  shown  at  full  scale  on  Figure  1.  It  is  essentially  a glass 
vial  having  a flat  bottom  upon  which  a catalytic  specimen  can  be  placed. 

In  order  to  provide  Isothermal  conditions  on  the  catalytic  surface  during 
the  experiments,  this  glass  vial  is  submerged  in  a constant  temperature  bath 
to  the  level  indicated  in  the  above  mentioned  figure.  The  bath  comprised  an 
electrically  heated,  aluminum  block  with  12  holes  in  which  the  oxidation  tubes 
could  be  placed.  The  holes  were  filled  with  a low  melting  point  Cerrobase 
alloy.  Wiring  and  construction  details  have  been  described  in  previous  reports. 

The  detachable  test  tube  cover  contributes  to  the  maintenance  of  constant 
operating  conditions  by  means  of  a rigorous  standardization  of  the  gas  flow 
patterns  inside  the  glass  vial.  In  ail  quantitative  experiments,  a constant 
gas  flow  of  20  cc  per  minute  is  circulated  through  the  system.  A gas  exit 
tube  is  also  provided  in  the  same  cover.  The  lower  part  of  the  cap  and  the 
upper  section  of  the  glass  vial  are  constructed  with  the  two  elements  of  a 
24/40  ground  glass  joint.  The  whole  glass  apparatus  is  held  in  the  Cerrobase 
bath  with  the  aid  of  a "transite"  holder.  The  holder  is  built  in  two  separate 
pieces  that  are  held  together  with  screws. 

Catalytic  specimens  are  constructed  from  a 3/4-inch  cold-rolled  steel  bar. 
Details  of  their  shape  and  dimensions  are  included  in  Figure  1.  The  upper 
part  of  these  pieces  have  a flat  depression  where  lubricating  liquids  would 
remain  during  the  tests.  This  small  "container",  if  evenly  covered  with  40 
microliters  of  lubricant,  would  have  a film  thickness  of  150  microns 
Continuous  film  thicknesses  were  never  generated  during  the  experiments,  since 
capillary  effects  caused  greater  thicknesses  of  lubricant  to  occur  near  the 
perimeter  of  the  catalytic  specimen.  Because  of  this  capillary  effect,  it  is 
actually  impossible  to  estimate  the  average  height  of  the  liquid  film.  It 
will  be  seen  later  that  the  capillary  rise  does  not  affect  the  interpretation 
of  the  results,  since  no  concentration  profiles  of  reactants  are  generated 
under  experimental  conditions. 

In  any  case,  the  curved  intersection  between  the  vertical  and  horizontal 
walls  of  the  depression  helped  to  maintain  a constant  thickness  in  regions 
where  capillary  rise  would  have  caused  greater  depths  of  lubricant.  The  shape 
of  this  intersection  also  makes  it  possible  to  reuse  the  catalytic  specimens 
several  times,  since  the  machining  procedure  after  each  use  did  not  change 
the  size  of  the  active  ca*-alytlc  surface.  The  only  modification  that  occurs 
to  the  metallic  pieces  after  each  new  machining  Is  a sliglu  reduction  in 
height . 
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b.  Test  Procedures.  After  careful  washing  and  successive  rinsings 
(four  times)  of  all  Internal  surfaces  of  the  tube  and  cap,  the  glass  system 
Is  dried  In  a conventional  laboratory  oven  for  at  least  ten  minutes. 

When  a catalyst  Is  used,  the  surface  In  contact  with  the  lubricant  during 
the  oxidative  test  Is  machined  in  advance  according  to  details  shown  In 
Figure  1,  and  stored  in  pure  benzene  (thioph.ene-free  quality).  Previous  work 
has  Indicated  the  need  for  using  catalysts  within  24  hours  of  the  final 
polishing  of  their  active  surface.  During  the  course  of  this  work  it  has  been 
noticed  that  no  significant  change  of  the  catalytic  material  surface  properties 
occurs  even  though  metallic  specimens  are  stored  for  periods  of  as  long  as  ten 
days . 


Catalytic  specimens  were  handled  with  metallic  tweezers  after  machining 
since  secretions  from  the  skin  have  been  reported  to  cause  corrosion  of  the 
metal  surface.  When  needed  for  an  experiment,  a stored  catalyst  is  washed  and 
rinsed  with  acetone.  After  this  operation  the  excess  acetone  is  quickly  dried 
by  exposing  the  specimen  to  a stream  of  dry  air.  When  dryness  was  assured, 
the  catalyst  was  placed  in  the  glass  tube  and  the  whole  system  submerged  in 
the  Cerrobase  bath. 

The  time  needed  for  the  equipment  to  reach  an  essentially  constant 
temperature  was  measured.  The  complicated  geometry  and  the  existence  of  solid- 
solid  contacts  between  different  parts  of  the  system  made  any  theoretical 
evaluation  impossible.  Measurements  were  performed  by  soldering  a small 
thermocouple  to  the  catalytic  surface  of  the  metallic  specimen.  The  time 
required  for  the  active  surface  to  reach  undetectable  temperature  variations 
with  the  instrumentation  used  was  found  to  be  approximately  25  minutes  after 
immersion  in  the  hot  bath.  As  an  additional  precaution,  all  experiments  were 
performed  45  minutes  after  the  system  was  placed  in  the  constant-temperature 
bath. 

These  surface  temperature  measurements  also  proved  that  within  the  range 
of  temperatures  at  which  these  experiments  were  carried  out  (230  C to  255'^C) 
the  steady  state  temperature  of  the  catalytic  surface  was  5.3  C lower  than 
the  temperature  of  the  molten  Cerrobase  alloy. 

After  the  steady  state  temperature  was  reached,  the  system  is  considered 
to  be  ready  for  the  injection  of  the  lubricant.  For  this  purpose  a 100  micro- 
liter  syringe  is  used,  coupled  with  a 23t)  millimeter  long  detachable  needle 
type  "LT".  Special  care  must  be  taken  In  cleaning  the  needle  and  syringe 
prior  to  use.  They  are  washed  several  times  with  tetrahydrcfuran  (THF)  and 
the  internal  surfaces  finally  dried  by  means  cf  a stream  of  air. 

Before  use,  the  syringe  and  needle  are  rinsed  twice  with  the  lubricant 
solution  to  be  used  In  the  experiment  to  assure  that  there  was  no  trace  of  THF 
left  In  the  Injection  system.  This  last  step  Is  considered  essential  since 
small  amounts  of  polar  compounds  have  been  reported  to  have  a significant 
effect  on  the  rate  of  the  oxidative  deterioration  cf  lubricating  fluids.  The 
same  kind  of  influence  has  been  suggested  in  AFML-TR- 74-201 , Pact  1,  which 
indicates  that  traces  of  volatile  nonreactlve  compounds  affect  oxygen 
solubility . 
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After  the  final  rinsing,  the  syringe  is  completely  filled  with  lubricant. 
The  needle  is  placed  in  the  proper  position,  and  a small  amount  of  fluid  is 
allowed  to  wet  the  syringe-needle  Joint  in  order  to  create  a wet  joint,  which 
performs  better  than  a dry  one.  The  desired  amount  of  lubricant  is  then 
measured  into  the  syringe  and  the  excess  fluid  removed  from  the  needle  with  a 
paper  towel. 

Since  the  needle  is  relatively  long,  requiring  high  pressure  for  Injection, 
there  is  a probability  of  leaks  occurring  while  injecting,  due  to  the  high 
viscosity  of  the  lubricant  at  room  temperature.  This  risk  was  avoided  by 
preheating  the  needle  for  four  or  five  seconds  inside  the  hot  glass  system. 

This  preheating  period  has  no  measurable  effect  on  the  determination  of  the 
oxidation  time.  During  this  interval,  the  liquid  is  exposed  to  relatively 
low  temperature  thermal  degradation,  rather  than  oxidation.  The  extent  of  the 
reactions  auring  this  injection  process  has  proved  to  be  negligible  in  other 
experiments  of  this  study.  An  additional  advantage  of  this  procedure  is  the 
shorter  time  needed  for  the  fluid  to  reach  the  steady  state  temperature  of 
the  experiment. 

After  preheating,  the  lubricant  is  quickly  injected.  At  this  point  the 
measurement  of  time  begins.  The  air  supply  hose  is  then  connected  to  the 
vertical  glass  tube. 

Fifteen  seconds  before  the  end  of  the  chosen  oxidation  period  the 
procedure  for  finishing  the  experiment  has  to  be  started.  After  some  practice, 
the  operator  is  able  to  stop  the  reaction  within  ± 3 seconds.  This  procedure 
involves  the  following  consecutive  steps: 

1)  Removing  the  air  supply  hose  from  the  glass  tubing, 

2)  Removing  the  glass  system  from  the  constant-temperature  bath, 

3)  Separating  the  cap  from  the  glass  tube, 

4)  Placing  Che  glass  tube  in  a water  bath,  and 

5)  Quenching  the  fluid  and  the  steel  catalyst  by  injecting 
approximately  2 cc  of  THF. 


Since  THF  has  a relatively  low  boiling  point  (65‘C),  it  bolls  vigorously 
after  its  injection  into  the  hot  system.  This  boiling  has  been  considered  to 
be  responsible  for  some  losses  of  lubricant  from  the  system  because  of  the 
projection  of  small  droplets  of  lubricant  in  THF  solution  out  ct  the  tube. 
Distillation  losses  of  the  oxidized  material  are  negligible  during  this 
boiling.  Proof  of  this  statement  is  that  the  vapcr  pressure  of  the  ester  in 
the  boiling  THF-Lubr  leant  solution  is  estimated  to  be  lower  than  4 x 10“*’  mm  Hg. 

It  should  be  mentioned  that  the  losses  due  to  the  boiling  of  the  iubrlcant- 
THF  solution  can  be  reduced  by  cooling  the  glass  tube  in  the  water  bath  for 
four  or  five  seconds  before  adding  the  two-ml i li 1 1 ter  quantity  of  THF.  When 
this  Is  done,  the  boiling  solution  extracts  less  heat  from  the  system,  since 
the  glass  walls  are  significantly  cooler.  This  provides  more  moderate  boiling 
and  therefore  a smaller  loss  of  solution  in  the  form  of  small  droplets  For 
the  case  of  relatively  long  oxidation  tests,  this  short  ccjling  time  (as  a 
function  of  reaction  time)  introduces  a small  and  insigni t icunt  error  in  the 
analysts  of  results. 


6 


c.  Preparation  of  Analytical  Solutions.  Once  the  glass  tube  and  the 
catalyst  reaches  room  temperature,  the  lubricant-THF  solution  Is  extracted  with 
a syringe  from  the  oxidation  reactor  and  placed  In  a graduated  cylinder.  The 
same  syringe  is  used  afterwards  to  wash  with  pure  THF,  the  catalyst,  and  tube 
walls  of  traces  of  the  remaining  solution  of  lubricant.  The  system  is  rinsed 
several  times  using  approximately  0.5  cc  of  pure  solvent  each  time.  The 
washing  liquid  is  collected  in  the  graduate  cylinder,  to  avoid  any  loss  of 
oxidized  material. 

When  the  tube  walls  are  rinsed  to  prepare  analytical  solutions,  only  the 
lower  part  of  the  tube  was  actually  cleaned.  It  is  done  this  way  because  the 
upper  part  of  the  vial  and  the  glass  cap,  being  cooler  than  the  rest  of  the 
system,  serves  as  a condenser  for  lubricant  vapors  during  oxidative  tests. 
Therefore  it  is  considered  that  the  material  found  above  the  hot  section  does 
not  undergo  catalytic  deterioration. 

The  relevance  of  this  evaporation  was  also  studied  by  preparing  analytical 
solutions  with  THF  used  in  the  rinsing  of  the  inner  surfaces  of  the  upper  part 
of  the  tube  and  cap.  Evaporative  losses  are  difficult  to  measure  because  the 
presence  of  lubricant  in  the  upper  part  of  the  vial  is  also  caused  by  the 
already  mentioned  projection  of  droplets  during  the  quenching  procedure. 

Since  two  phenomena  cause  the  same  measurable  effect,  it  is  difficult  to 
evaluate  the  relative  extent  of  each  of  them. 

In  any  case  the  evaporative  losses  are  not  significant.  In  oxidative 
exposures  within  the  stable  lifetime  of  the  lubricant-inhibitor  solutions 
used,  typical  evaporative  losses  were  not  greater  than  six  percent  of  the 
total  volume  of  the  injected  ester.  Some  consideration  will  be  given  later 
to  the  extent  of  these  losses  in  more  severe  deteriorations. 

Almost  all  of  the  samples  investigated  In  this  work  were  diluted  to  six 
milliliters  with  THF  to  prepare  the  analytical  solutions  even  though  a volume 
of  three  milliliters  had  been  considered  to  be  sufficient  to  obtain  reliable 
results.  This  three  milliliter  value  is  mentioned  since  two  milliliters  of 
solution  is  necessary  to  completely  fill  the  sampling  loop  of  the  Gel 
Permeation  Chromatography  unit  and  one  milliliter  was  assumed  lo  be  required 
to  flush  the  injection  system  and  to  account  for  spilling  losses  while  handling. 

A SIX  milliliter  volume  of  solution  was  chosen  rather  than  three  milli- 
liters because  volumetric  errors  accounted  for  a significant  part  of  the  error 
of  the  results  of  this  work.  This  can  easily  be  noticed  when  considering  that 
the  smallest  division  of  the  graduated  cylinder  used  In  preparing  the  solutions 
was  0.1  milliliter.  This  value  introduces  a relative  error  of  t 1.66  percent 
when  a three  milliliter  solution  is  prepared  and  ± 0.83  percent  when  the 
sample  Is  diluted  to  six  milliliters. 

Since  the  smallest  division  of  the  mlcrosyringe  used  was  one  micr.  liter, 
the  amount  of  lubricant  considered  in  a typical  test  can  be  written  .is  iO  ’ 

0.5  mlcrollter.  This  adds  1.25  percent  of  error  to  the  value  ot  con  entration 
of  the  solution. 
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From  these  results  It  appears  that  the  total  error  in  the  value  of  the 
concentration  when  preparing  a six  milliliter  solution  is  ± 2.08  percent 
compared  with  2.91  percent  for  the  three  milliliter  dilution.  Therefore,  it 
can  be  seen  that  if  three  milliliter  solutions  had  been  prepared,  a 50  percent 
additional  error  would  have  been  Introduced.  This  evaluation  also  considers 
the  experimental  fact  that  the  sensitivities  of  the  concentration  detectors 
of  the  analytical  unit  are  not  modified  by  a further  dilution  to  six  milli- 
liters . 

As  a consequence  of  these  calculations,  it  is  obvious  that  since  the  sole 
volumetric  error  is  ± 2.08  percent,  differences  in  concentration  between 
equivalent  runs  as  large  as  four  percent  had  to  be  expected.  If  more  accurate 
values  are  needed  in  future  wo^k,  the  error  Introduced  by  the  graduated 
cylinder  could  be^ eliminated  by  preparing  weighed  solutions.  In  such  a case 
the  total  error  in  concentration  would  only  be  the  one  Introduced  by  the 
microsyringe  (±  1.25%). 


d.  Gel  Permeation  Chromatography  (GPC)  Analysis.  Gel  permeation 
chromatography  is  a separative  technique  which  essentially  Involves  sterlc 
permeation  of  a solute  through  an  inert  gel.  The  qualification  of  the  gel  as 
inert  emphasizes  the  fact  that  the  separation  achieved  may  be  regarded  as  a 
consequence  of  the  geometrical  features  of  the  different  molecules. 

Since  geometrical  properties  of  molecules  depend  strongly  upon  the 
molecular  weight  of  the  chemical  species,  it  is  often  stated  that  gel 
permeation  chromatography  resolves  a complex  sample  into  different  fractions 
according  to  the  molecular  weight  of  the  solutes.  Even  though  this  assertion 
is  quite  correct  it  is  not  general,  as  shown  for  example,  by  Benoit  et  al.  (1). 
In  this  reference  it  was  proved  that  a series  of  polystyrene  samples  having 
the  same  molecular  weight  but  different  structures  eluted  at  different  times 
from  a GPC  column. 

It  is  more  proper  to  state,  as  clarified  by  Grublslc  et  al.  (2)  that 
the  elution  volume  of  the  various  fractions  depends  on  the  "hydrodynamic 
volume"  of  the  species.  A measure  of  this  parameter  can  be  obtained  from 
Einstein's  viscosity  law: 

[n]  M = K V 

where : 

M = molecular  weight  of  the  sample 

V = hydrodynamic  volume 

K = constant 

[n]  = intrinsic  viscosity,  defined  by  the  equation: 

[n]  = lim  In  [n/Hol 
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Where  n is  the  dynamic  viscosity  of  a solution  (obtained  from  the  time  of 
flow  of  a known  fixed  volume  of  solution  in  a capillary  viscometer),  Hq  is 
the  dynamic  viscosity  of  the  solution  and  C is  the  concentration  of  solute  in 
the  solution.  By  plotting  the  product  versus  the  experimental  elution  volume, 
these  authors  have  obtained  an  excellent  fit  for  all  types  of  molecules  This 
kind  of  correlation  was  not  verified  when  M alone.  Instead  of  the  above 
mentioned  product  was  used. 

This  behavior  can  be  justified  if  it  is  considered  that  the  displacement 
of  molecules  within  the  chromatographic  column  resembles  that  found  in  the 
viscometric  experiment.  The  velocity  gradients  generated  in  the  capillary 
test  are  equivalent  to  those  caused  by  the  flow  of  solvent  through  the  pores 
of  the  chromatographic  column.  Therefore,  in  general,  GPC  results  should  be 
seen  as  a combination  of  molecular  weight  and  viscosity  properties. 


(1)  Solvent-Solute  Interactions.  Even  though  the  pores  of  the 
gel  can  be  considered  to  be  mainly  responsible  for  the  separation,  other 
factors  different  from  the  steric  have  been  indicated  as  affecting  the 
elution  volume  of  the  solutes. 

Solvent  effects  in  GPC  have  been  reported  frequently.  These  secondary 
interactions  can  be  caused  by: 

1)  Alteration  of  the  porosity  of  the  pore  network  due  to  different 
swelling  effects  on  the  gels, 

2)  Modification  of  the  molar  volume  of  the  solute  due  to  the 
formation  of  solvated  species;  and 

3)  Self-association  of  the  solute  species  because  of  the  low 
solubility  of  the  solute  in  the  solvent. 


Some  details  of  the  theoretical  relevance  and  of  the  experimental 
evidence  of  these  solvent-solute  interactions  have  been  reported  by  Haley  (3), 
Freeman  (4),  Gazes  and  Gasklll  (5),  and  Cogswell  et  al.  (6) 


(2)  Gel-Solute  Interactions.  The  influence  of  the  chemical 
composition  of  the  gel  on  the  elution  volume  of  the  solute  has  been  mentioned 
and  analyzed  by  Freeman  (4)  and  Freeman  et  al.  (7).  This  interaction  has  been 
reported  also  to  be  affected  by  the  structure  of  the  eluting  solvent. 

Therefore,  the  molecular  size  alone  might  not  define  the  elution  volume 
of  the  species  when  secondary  effects  are  present.  The  analyst  must  then  be 
careful  when  assigning  specific  molecular  sizes  to  the  eluting  fractions  of 
samples  if  there  is  not  a clear  understanding  of  the  chemical  structure  oi 
the  solutes.  The  existence  of  these  secondary  factors  Is  particulorly 
frequent  with  low  molecular  weight  solutes. 
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(3)  Analytical  Unlc.  Analytical  and  preparative  work  were 
performed  by  using  a Waters'  Model  502  Gel  Permeation  Chromatography/Liquid 
Phase  Chromatography  Unit.  This  instrument  had  Differential  Refractive  Index 
(Rl)  and  Ultraviolet  Light  Absorption  (UV)  detectors. 

This  duality  in  the  detection  system  synergized  the  resolutive 
capabilities  of  the  columns  used.  This  was  evident  when  a pair  of  species 
having  the  same  elution  volume  was  resolved  quantitatively  because  one  of 
them  absorbed  UV  light.  An  additional  advantage  of  the  UV  detection  system 
is  its  extreme  sensitivity  to  compounds  having  UV-resonatlng  chemical  bonds. 

As  an  example  of  its  outstanding  performance  it  should  be  mentioned  that 
during  the  course  of  this  work,  it  was  possible  to  measure  quantitatively 
amounts  of  phenothlazine  as  small  as  1 x 10~^  gram. 

Care  has  to  be  taken  with  respect  to  the  temperature  of  the  room  where 
the  unit  is  placed.  It  is  convenient  to  work  in  a constant- temperature  room 
since  the  Differencial  Refractive  Index  detector  shows  a significant  change 
in  analytical  results  with  changing  temperature, 

e.  Interpretation  of  Results.  The  full  line  tracing  on  Figure  2 shows 
Che  RI  (Differential  Refractive  Index)  and  UV  (Ultraviolet  Light  Absorption) 
chromatograms  of  an  unoxidlzed  sample  of  0.1  percent  phenothlazine  in  tri- 
methylolpropane  triheptanoate.  The  RI  detector  registers  one  sharp  peak  with 
a slight  tailing  which  corresponds  to  the  elution  of  the  ester.  It  can  also 
be  noticed  that  there  is  no  measurable  response  to  phenothlazine  by  this 
detector . 

The  RI  chromatogram  of  the  severely  oxidized  sample  (c),  shows  a 
significant  reduction  in  the  height  of  the  ester  peak  and  the  presence  of 
higher  molecular  weight  products.  It  was  found  that  the  response  of  the  RI 
detector  was  proportional  to  the  mass  concentration  or  rne  eluting  species, 
and  was  independent  of  the  molecular  weight  of  the  different  fractions 
obtained  as  produces  of  the  cxidation.  Slnoe  the  abcissa  or  the  chromatograms 
represents  a constant  flow  rate  of  analytical  solution,  this  is  equivalent  to 
stating  that  the  area  of  the  Rl  chromatograms  remained  essentially  unchanged 
through  the  different  stages  of  the  oxidation  when  samples  having  the  same 
weight  were  analyzed. 

This  was  verified  by  comparing  the  area  of  the  RI  chromatogram  of  a 40- 
mlcrolltet  sample  of  pure  ester  with  the  rhromatographlc  area  cf  an  equivalent 
sample  of  the  same  substance  after  a severe  oxidative  test.  Oxidation  caused 
the  conversion  of  approximately  90  percent  of  the  ester,  and  the  synthesis  ol 
products  having  molecular  weights  as  high  as  60,000.  The  area  cf  the 
chromatogram  of  the  oxidation  products  of  this  reaction  represented  52  8 
percent  of  that  cf  the  original  ester.  The  ester  evaporated  from  the  sample 
during  the  oxidation,  which  condensed  in  the  upper  (cooler)  part  of  the 
system,  was  found  to  be  equivalent  to  28  7 percent  of  the  amount  initially 
Injected  in  the  system.  The  increase  in  the  weight  cf  the  rataiyst,  due  to 
the  formation  of  insoluble  sludge,  was  found  tc  be  equal  to  7 4 mg,  or  l8.6 
percent  of  the  originally  injected  ester 
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The  three  amounts  found  in  different  parts  of  the  system  totaled  100 
percent  of  the  initial  sample.  Therefore,  the  response  of  the  KI  detector  to 
the  mass  concentration  of  the  different  molecular  weight  species,  in  the 
analysis  of  the  soluble  material  found  on  the  surface  of  the  metallic  catalyst 
(52,8  percent  of  the  40  microliter  sample),  can  be  considered  to  be  independent 
of  the  molecular  size  of  the  oxidation  products. 

These  results  are  in  agreement  with  those  obtained  by  Hazell  et  al.  (8), 
who  reported  that  the  response  of  the  RI  detector  was  proportional  to  the 
weight  concentration  and  independent  of  the  molecular  size  of  the  samples, 
for  the  case  of  polystyrene  standard  solutions  having  molecular  weights 
ranging  from  5000  to  3,500,000. 

The  UV  chromatogram  of  an  unoxldized  sample  of  0.1%  phenothiazine  in 
trimethylolpropane  tr Iheptanoate  presented  in  Figure  2 shows  a sharp  peak  at 
an  elution  time  corresponding  to  a calibration  molecular  weight  of  170,  which 
Is  due  to  the  presence  of  phenothiazine  in  the  sample.  There  is  also  a trace 
of  impurity  with  a molecular  size  close  to  that  of  the  ester,  which  has  been 
registered  by  this  detector.  This  impurity  was  considered  such,  and  not  the 
response  of  the  UV  detector  to  the  elution  of  the  ester,  because  there  was 
not  a measurable  reading  in  the  same  area  of  the  UV  chromatogram  when  a 
phenothiazine  - dl-2-ethylhexy 1 sebacate  solution  was  analyzed. 

The  linearity  of  the  GPC  unit  to  both  inhibitor  and  ester  concentrations 
can-he  periodically  verified  by  analyzing  solutions  with  different  concentra- 
tions of  these  materials.  The  heights  of  these  peaks  are  found  to  be  propor- 
tional to  the  concentration  of  the  species.  This  can  be  expected  since  the 
concentration  of  the  analytical  solution  was  only  0.66  percent  of  ester  in 
THF,  and  therefore  interference  due  to  solute  concentration  was  not  likely  to 
occur  during  the  chromatographic  elution. 

The  UV  chromatogram  of  sample  (b)  in  Figure  2 shows  the  typical  charatter- 
istics  found  in  the  analysis  of  oxidize,  inhibited  ester  solutions.  The 
differences  with  respect  to  the  original  sample  of  the  same  material  ate: 

1)  A significant  reduction  in  the  cone en t ra t icn  of  phenothiazine, 

2)  An  increase  in  the  level  of  UV  absorption  in  the  450  calibrarion 
molecular  weight  fraction,  and 

3)  The  presence  of  a UV  absorbing  chemical  specie,  having  a mcle,:ular 
size  equivalent  to  a calibration  molecular  weight  of  240. 


It  was  considered  that  no  UV  absorbing  spe'ies  with  a moiecuiat  size- 
close  to  that  of  phenothiazine  were  produced  during  the  oxidative  deterioration 
of  the  ester- inhibitor  solution  This  assumption  was  verified  by  analyzing 
the  UV  chromatogram  of  a severely  oxidized  solution  of  phenothiazine  in  ttl- 
methy lolpropane  t r iheptanoate  (sample  (c ) , Figure  2).  The  phenothiazine 
initially  present  in  this  sample  had  been  destroyed  long  before  the  end  oi 
the  oxidative  experiment  and  no  UV  absorbing  material  having  a size  similar 
to  that  of  the  inhibitor  molecule  was  round  in  the  analysis  Tl.e  small  signal 
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registered  at  a calibration  molecular  weight  of  170  was  considered  to  be  the 
tailing  of  the  material  which  eluted  at  240  calibration  molecular  weight. 

When  quantitative  analysis  of  phenothiazlne  concentration  is  required, 
this  tailing  might  interfere  in  the  interpretation  of  the  results,  namely 
when  small  amounts  of  phenothiazine  are  present  In  the  sample.  Therefore, 
this  tailing  signal  is  subtracted  from  measurements  of  heights  of  phenothiazlne 
peaks.  From  values  of  relative  sizes  of  tailings  in  ester  and  phenothiazlne 
peaks,  it  was  decided  that  a compound  with  a calibration  molecular  size  of 
240  should  have  a tailing  with  a height  equal  to  10  percent  of  its  maximum 
response  at  the  calibration  molecular  weight  of  170.  This  means  that  reported 
concentrations  of  phenothiazine  are  measurements  of  the  size  of  the  peak  at 
the  calibration  molecular  weight  of  170  minus  10  percent  of  the  height  of  the 
signal  present  in  the  240  molecular  weight  region  of  the  chromatogram. 

Because  some  UV  absorbing  impurities  having  a calibration  molecular 
weight  of  450  were  initially  present  in  the  trlmethy lolpropane  triheptanoate, 
the  Increase  of  the  UV  response  in  this  area  of  the  chromatogram  with  longer 
oxidation  times  is  reported  here  with  respect  to  its  original  value  There- 
fore for  this  ester,  the  unoxidized  UV  trace  in  the  450  calibration  molecular 
weight  area  was  considered  to  be  the  baseline  from  where  measurements  of 
heights  of  peaks  were  made.  It  is  obvious  that  this  kind  of  correction  was 
not  needed  for  the  case  of  dl-2-ethylhexy 1 sebacate,  since  no  trace  of  UV 
absorbing  impurity  was  found  in  the  analysis  of  this  fluid. 

In  all  cases  UV  readings  were  expressed  in  arbitrary  units  of  concentra- 
tion. For  these  purposes  a UV  absorbing  compound  was  reported  to  be  present 
at  a 100  percent  concentration  when  it  gave  a signal  as  large  as  that 
provided  bv  the  initial  concentration  of  phenothiazine  (Q  1 percent). 

It  is  apparent  from  this  preliminary  work  that  the  40-micrcliter 
oxidation  and  corrosion  test  can  be  used  to  determine  the  interrelation  of 
additive-depletion  and  fluid  degradation  to  form  high  molecular  weight 
products.  In  the  use  of  aircraft  gas  turbine  lubricants,  the  principle 
degradative  changes  comprise  a loss  of  additives  as  well  as  the  degradation 
of  the  ester  base  fluid.  The  degradation  of  the  base  fluid  in  a typical 
operational  system  begins  before  the  inhibitor-type  additives  have  been 
completely  removed  by  the  oxidative  and  thermal  degradative  processes. 

Typical  specification  oxidation  tests  for  aircraft  gas  turbine  lubricants 
are  designed  to  measure  the  stable  life  of  the  additive  system  ratner  than 
the  degradation  of  the  ester  base  stock.  The  use  of  a dua±  detector 
(refractive  index  and  ultraviolet  spectrometer)  GPC  unit  for  the  analysis  of 
the  degraded  aircraft  gas  turbine  lubricants  allcws  tor  the  separate 
observation  of  the  additive  behavior  (UV)  and  the  base  stock  beha' lar  (Rl). 

The  general  differences  in  molecular  weight  of  the  additive  package  and  the 
ester  base  stock  make  this  plan  for  separate  observation  and  analysis 
particularly  effective.  In  addition,  the  strong  response  of  oxidation 
Inhibitors  to  UV  makes  the  analysis  of  the  small  quantities  particularly 
effective-  At  low  temperatures,  e.g  350°F,  the  formation  of  high  molecular 
weight  products  does  not  constitute  a significant  traction  of  the  products 
until  the  oxidation  inhibitor  has  been  completely  depleted  At  high 
temperatures,  e.g.  500^F,  both  inhlbltct  depletion  and  slidge  tormacion 
proceed  concurrent] v. 
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Arbitrary  Units 


a)  Original,  40  yL  TMPTH  +0.1%  PTZ 

b)  239. 6“C,  40  yL  TMPTH  + 0.1%  PTZ,  4 minutes 

c)  — p 239.6*0,  40  yL  TMPTH  + 0.1%  PTZ,  16  minutes 


Figure  2.  CHROMATOGRAMS  OF  THE  OXIDATION  PRODUCTS  OF  ESTER- 
INHIBITOR  SOLUTIONS 
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3. 


EFFECT  OF  LUBRICATION  ADDITIVES  ON  FLOW  IN  THIN  FILMS 


A PRL  small  capillary  viscometer  has  been  developed.  This  instrument  has 
been  developed  to  study  the  apparent  existence  of  a film  near  the  bearing 
surface  with  viscosity  properties  considerably  different  from  those  of  the 
bulk  lubricant.  These  films  result  from  the  concentration  of  polar  components 
from  the  fluid  or  from  the  lubricant-system  interaction  in  concentrated 
contacts.  The  establishment  of  the  concept  that  these  films  exist  and  an 
understanding  of  the  formation  of  these  films  is  directly  applicable  to  the 
gear  and  bearing  lubrication  characteristics  of  gas  turbine  lubricants. 


a.  Modeling  of  Porous  Media.  The  methods  of  modeling  of  porous  media 
are  essentially  limited  to  nonintersecting  cylinders  [Dullien  and  Batra  (9)]. 
The  complexities  of  most  porous  media  eliminate  virtually  all  other  model 
considerations.  As  the  cellulose  filters  used  in  this  work  (see  Table  1) 
have  pores  that  are  nearly  circular  in  cross-section  and  have  a small 
variation  in  pore  size,  these  filters  were  modeled  as  a bundle  of  noninter- 
secting cylinders  of  uniform  length  and  diameter. 


For  each  cylinder,  the  shear  stress  under  laminar  flow  may  be  written 
mathematically  as 


APr 

2L 


(1) 


where : 

1 = shear  stress 

AP  = total  pressure  drop  over  the  length  L,  and 
r = radial  Hisrance. 


The  shear  stress  is  related  to  shear  rate  by: 


where; 


T = 


p = fluid  viscosity,  and 
dv  , 

~r~  = shear  rate, 
dr 


(2) 


For  a Newtonian  fluid,  the  fluid  viscosity  is  constant  That  is,  the 
viscosity  is  independent  of  shear  stress  and  time  Thus,  the  shear  rate  can 
be  wr Itten  as 


dv  _ APr 

dr  2pL 


(J) 
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Equation  3 is  integrated  to  yield  the  velccity  profile 


AP 


2 


4pL 


where : 


‘ - 'Kl 


(41 


Rq  = radius  of  the  capillary. 


Integrating  equation  (4)  over  the  cross-sec ticn  of  the  capillary  yields  the 
volume  rate  of  flow  of: 

IT  AP  R 
^ " 8pL 


Inherent  in  this  derivation  are  the  following  assumptions: 


1)  The  fluid  is  incompressible, 

2)  End  effects  are  negligible, 

3)  The  fluid  is  a continuum,  and 

4)  There  is  no  slip  at  the  wall. 


These  assumptions  are  in  addition  to  the  previous  assumptions  that  the  flow 
is  laminar  and  the  fluid  is  Newtonian. 


For  the  N capillaries  which  compose  the  model  of  the  porous  medium,  the 
total  volume  rate  of  flow,  Q,  is 


N n AP  R 


Q = Nq  = 


8uL 


(6) 


The  apparatus  used  in  this  work  Is  similar  in  opetacicn  to  an  Osrwald- 
Fenske  viscometer.  The  volume  of  liquid  that  flows  through  the  porous  medium 
is  a constant.  Thus,  the  efflux  time,  t,  tor  a filter  is 


(7) 


AP  R„ 


If  two  Newtonian  fluids  are  run  through  the  same  filter  apparatus,  then  N, 
AP,  and  Rq  are  constant,  and  the  vis:.csity  corrected  efflux  time  ratio,  Z', 
which  may  be  written  as 


Z'  = 


t2  Ml 


t,  M2 


i8) 


where: 


subscript  1 refers  to  the  calibration  tluid, 
subscript  2 refers  to  the  test  fluid. 


must  be  unity. 
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If  this  ratio,  Z',  is  greater  than  unity,  the  increase  may  be  theorized 
to  be  due  to  adsorption  of  a rigid  film  on  the  capillary  walls  as  shown  in 
Figure  3 (a).  Combining  equations  (7)  and  (8)  yields 


Z’  = 


(9) 


If  the  thickness  of  this  film  is  A,  then 


A = 


R_  1 


(10) 


A strongly  adsorbed  rigid  layer  would  be  Independent  of  pressure  drop 
and  pore  diameter.  Such  a layer  was  apparently  observed  by  Zorin,  Sovolev, 
and  Churaev  (10).  In  addition,  if  this  film  or  layer  consisted  primarily  of 
the  additive,  the  film  thickness  would  not  be  a function  of  the  bulk  fluid 
viscosity . 


However,  this  layer  might  not  be  a rigid  layer.  The  works  of  Karasev 
and  Deryagin  (11)  and  Deryagin  et  al.  (12)  suggest  that  the  film  near  the 
liquid-solid  interface  may  exhibit  a constant  viscosity  that  is  greater  than 
that  found  in  the  bulk.  The  mathematical  expression  for  this  case  may  be 
derived  by  assuming  two-phase  flow  with  no  slippage  at  the  liquid-liquid 
interface.  This  possibility  is  identical  to  that  pictured  In  Figure  3 (b) 
with  a layer  of  thickness,  h,  that  is  not  rigid  but  has  a viscosity,  U2»> 
greater  than  that  of  the  bulk.  Equation  (3)  must  be  Integrated  over  the  two 
phases  separately  to  yield  the  following  equations  for  the  fluid  velocity. 


and 


where: 


and 


(R  2 - r^) 

'^2  = *^1  2^7^:^ 


Vi  = K, 


„ - AP 

- 2L 


K2  = 


Ro^  (P„  - h)2  (R^  h)2 


M2* 


M9’ 


(11) 


(12) 


(13) 


114) 


Equation  (11)  is  valid  for  R^,  - h r R^  and  equation  (12)  is  valid  with 
0 ^ r ^ Rq  - h.  Integration  of  these  equations  over  the  cross-sectional  area 
of  the  capillary  yields  the  expression  for  the  volume  rate  of  flow 
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q 


n AP 
8L 


(15) 


i(R 


h) 


M’l 


2IT^ 


(Rq  - h)"*' 
2y  * 2 


This  model  predicts  an  effective  film  thickness  that  is  a function  of 
pore  diameter  but  not  of  pressure  drop.  This  is  combining  equations  (7),  (8), 
and  (15) 


7 » - 

Ro  /'^^2 

^ 4 

(Ro  - h) 

R„'^  (R  - h)^ 

0 o 

y'l 

2u'2  2p'2 

where : 

Up 

= atmospheric  viscos 
Fenske  viscometer , 

tty  as  determined  in  Ostwald- 

V^'l 

= bulk  viscosity  in 

the  pore,  and 

1^*2 

= film  viscosity. 

(16) 


The  flow  rate  is  also  related  to  the  viscosity  of  the  film.  If  the  viscosity 
of  the  sublayer,  ^2 ' » ® multiple  of  the  bulk  viscosity,  the 

effective  film  thickness.  A,  will  not  be  a function  of  the  bulk  viscosity. 
This,  of  course,  means  that  the  film  consists  of  both  additive  and  bulk 
fluid.  On  the  other  hand,  the  film  may  be  predominantly  additive,  in  which 
case,  A would  be  a function  of  the  fluid  viscosity. 

The  variables  discussed  - mean  pore  diameter,  pressure  drop  and  fluid 
viscosity  - are  combined  in  the  equations  for  shear  stress  and  shear  rate 
(equations  (1)  and  (3)).  Since  the  pressure  drop  was  relatively  constant,  a 
plot  of  the  effective  film  thickness.  A,  versus  shear  stress,  or  shear 
rate,  (dv/dr),  should  be  linear  if  the  fluid  films  are  either  rigid  films  or 
have  a constant  viscosity  greater  than  that  of  the  bulk  fluid.  The  exact 
relationship  will  depend  upon  the  composition  of  these  films  The  values  of 
T and  (dv/dr)  were  calculated  from  equations  (1)  and  (3),  respectively.  The 
entire  pressure  drop,  AP,  was  assumed  to  be  across  the  filter-  The  manu- 
facturer's listed  mean  pore  diameter  and  filter  thickness  were  useu  as  the 
capillary  diameter  and  length. 


b.  Apparatus  and  Procedure.  The  test  apparatus  used  in  this  work  i& 
similar  in  design  and  operation  to  an  Ostwald-Fenske  viscvimeter . However, 
Instead  of  using  a calibrated  capillary  as  a means  of  measuring  relative 
viscosity,  a filter  was  used. 

(1)  Apparatus . As  seen  from  Figure  4,  the  unit  consisted  of  a 
double  bulb,  a filter  assembly,  and  a vented  flask.  During  the  experiments. 
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this  whole  unit  was  lowered  into  a constant-temperature  water  bath  maintained 
at  100  degrees  Fahrenheit.  To  prevent  water  from  leaking  into  the  assembly. 
Teflon  ferrules  were  used  to  seal  the  connection  between  the  glass  tube  and 
the  filter  assembly.  The  ground  glass  joint  was  sealed  using  the  calibration 
fluid  rather  than  a silicone  grease  to  avoid  contamination  of  the  filter. 
Spring  clamps  prevented  separation  of  this  joint.  The  lower  portion  of  the 
filter  assembly  fitted  into  a rubber  stopper  which  in  turn  fit  into  an 
Erlenmeyer  flask.  The  flask  could  be  either  vented  to  the  atmosphere  or 
attached  to  a vacuum  assembly. 

The  entire  run  assembly  is  shown  schematically  in  Figure  5.  The  Erlen- 
meyer flask  was  normally  vented  to  the  atmosphere.  However,  a vacuum  could 
be  applied  to  the  flask  to  increase  the  pressure  drop  across  the  filter. 

Two  one-cubic  foot  tanks  were  placed  in  parallel  with  the  Erlenmeyer  flask 
to  serve  as  a reservoir.  This  maintained  a constant,  relative  pressure 
below  the  filter. 

Two  different  filter  assemblies  were  used  in  the  work.  The  first 
assembly  (Figure  6)  was  purchased  from  Millipore  Filter  Corporation 
(Part  No.  XX66-025-50) . This  assembly  takes  a one- inch  filter  and  has  a 
filter  area  of  0.6  square  inch.  The  filter  is  placed  upon  a metal  support 
screen.  Two  Teflon  rings,  one  above  the  filter  and  one  below  the  screen, 
prevent  flow  around  the  filter  and  hold  it  in  place.  Teflon  tape,  applied 
to  the  threads,  prevents  water  from  leaking  into  the  assembly  and  blinding 
the  filter. 

The  second  type  of  filter  assembly  (see  Figure  7)  was  designed  to  handle 
1/8-inch  thick  sintered  metal  filters.  Since  these  filters  were  the  same 
diameter  as  that  of  the  cellulose  filters,  the  design  is  similar  to  the 
Millipore  assembly.  Thus,  some  cellulose  filter  runs  were  made  using  this 
assembly  with,  as  expected,  no  discernible  differences  from  the  runs  using 
the  Millipore  assembly. 

These  assemblies  were  machined  from  316  stainless  steel.  The  sintered 
metal  filters  were  held  in  position  by  Teflon  rings  which,  as  in  the  Millipore 
assemblies,  prevented  oil  bypassing  of  the  filter.  An  0-ring  seal  prevented 
water  from  leaking  onto  the  filter.  The  0-ring  provided  a much  better  seal 
than  simply  wrapping  the  threads  with  Teflon  tape  as  was  necessary  with  the 
Millipore  assembly. 


(2)  Procedure . The  test  apparatus  was  operated  in  a manner 
similar  to  the  procedure  used  with  an  Ostwald-Fenske  viscometer. 

The  filter  apparatus  was  filled  with  the  pure  calibration  oil  as  the 
filter  was  assembled.  This  procedure  eliminated  problems  with  air  entrapment. 
After  completely  assembling  the  apparatus  as  shown  in  Figure  4,  the  lower  bulb 
was  filled  with  oil  to  a level  above  the  upper  etched  line  (see  Figure  8). 

The  Tygon  tubing  was  clamped  shut  and  then  the  apparatus  was  hung  In  the 
constant-temperature  water  bath.  After  coming  to  thermal  equilibrium,  the 
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run  was  initiated.  The  time  for  the  lower  bulb  to  empty  - upper  etched  line 
to  lower  etched  line  - was  recorded.  After  repeat  runs  of  the  calibration 
fluid  reached  a steady  efflux  time,  the  unit  was  drained  to  a low  level. 
However,  the  meniscus  was  kept  visible  so  that  air  would  not  become  trapped 
in  the  metal  filter  assembly,  A hypodermic  syringe  with  a long  needle  was 
used  to  refill  the  apparatus  with  the  oil  plus  additive.  The  tip  of  the 
needle  was  kept  Just  below  the  meniscus,  again  to  avoid  air  bubble  entrapment. 
After  thoroughly  rinsing  the  assembly  by  refilling  and  draining  the  lower 
bulb,  it  was  filled  and  left  to  equilibrate.  After  this  oil  reached  a 
constant  run  time,  apparatus  was  drained,  disassembled  and  cleaned  with 
naphtha  and  acetone.  The  apparatus  was  then  thoroughly  dried  at  250  degrees 
Fahrenheit  before  being  used  again. 

To  obtain  accurate  data  with  this  apparatus,  the  filter  must  be  handled 
carefully  to  avoid  contamination.  Differences  in  the  filter  porosity, 
however,  are  accounted  for  by  calibrating  each  filter  during  the  run. 
Generally,  this  calibration  was  performed  by  the  same  oil  that  contained  the 
additive.  This  procedure  minimized  viscosity  corrections  and  potential 
interference  of  the  base  oils. 

After  each  run  the  filter  was  closely  examined  lor  water,  dust,  and 
other  contaminates.  Water  appeared  as  droplets  and  actually  blinded  the 
filter  media.  Dust  laid  on  top  of  the  filter  but  did  not  blind  the  filter 
Filter  contamination  included  crystallization  of  certain  additives  on  the 
filter.  Some  additives  darkened  the  filter.  This  darkening  was  taken  as  an 
indication  of  additive  adsorption  and  not  of  olindlng  cf  the  filter.  If, 
upon  examination  of  the  filter,  water  or  crystals  were  found,  the  run  was 
discarded.  The  run  was  considered  valid  if  constant  efflux  times  were 
obtained  for  both  calibration  and  additive  fluids  even  it  a few  dust 
particles  or  filter  discoloration  was  observed. 

All  fluids  used  in  this  study  were  prefiitered  in  the  apparatus  shown 
in  Figure  9.  Llnfiltered  oil  is  placed  in  the  funnel  From  there  it  passed 

through  a 5.0  micron  filter  and  a 0.1  micron  filter  in  series.  From  the 
lower  filter  assembly,  the  oil  passed  into  a Erlenmeyet  flask  The 
filtration  was  assisted  by  applying  a vacuum  to  the  flask.  The  Erlenmeyer 
flask  and  other  glassware  were  thoroughly  rinsed  with  the  filtered  cil  before 
the  oil  was  collected  or  stored  in  them. 

The  oils  run  with  a vacuum  applied  downstream  of  the  filter  were  stored 
under  vacuum  at  a constant  temperature  cf  110  degrees  Fahrenheit.  This 
eliminated  degassing  of  the  oil  within  the  filter  and  minimized  the  time 
required  to  reach  thermal  equilibrium. 

The  additives  were  added  to  prefiitered  base  oil  The  weight  percentages 
were  accurate  to  three  significant  figures.  After  thorough  mixing,  the 
samples  were  refiltered. 

Several  of  the  base  oils  were  contaminated.  These  oils  were  slightly 
yellow  in  color  and  exhibited  a gradually  increasing  efflux  tim?.  The 
contamination  appeared  to  be  oxidation  products.  Therefore,  these  oiis  were 
mixed  with  alumina  and  prefiltered.  This  removed  the  ' ontaminant s and 
produced  constant  efflux  times.  However,  reoxidation  of  the  b.ise  oils  was 
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extreiaely  rapid.  A few  days  after  the  alumina  treatment,  the  oils  began  to 
exhibit  gradually  increasing  efflux  times  again.  This  was  true  if  the  oils 
were  stored  under  a vacuum  (less  than  one  centimeter  absolute  pressure) . 
Addition  of  50  parts  per  million  of  an  antioxidant,  Parabar  441,  was 
necessary  to  prevent  reoxidation.  The  presence  of  the  Parabar  441  did  nor 
appear  to  affect  the  results  of  these  experiments. 


c.  Experimental  Error.  The  major  source  of  measurement  error  in  this 
work  was  due  to  the  inability  to  determine  accurately  the  run  time. 

Additional  nossible  sources  were  the  bath  temperature,  the  pressure  drop  over 
the  filter,  liquid  viscosities,  and  additive  concentration. 

The  determination  of  the  run  time  proved  to  be  the  largest  source  of 
error.  The  diameter  of  the  glass  tubing  (see  Figure  8)  was  limited  by  the 
dimensions  of  the  hypodermic  tubing  used  to  refill  the  bulb,  while  the  bulb 
volume  was  varied  according  to  the  expected  flow  rate.  Thus,  for  a viscous 
fluid  with  a relatively  slow  flow  rate,  the  volume  of  fluid  in  the  glass 
tubing  becomes  a significant  portion  of  the  total  volume  to  be  timed.  Thus, 
the  meniscus  may  take  fifteen  seconds  to  move  past  the  etched  line.  However, 
experience  with  the  unit  combined  with  a long  run  time,  and  repeated 
calibration  runs  yielded  a difference  between  successive  runs  of  less  than 
0.2  percent. 

The  bath  temperature  was  controlled  within  a maximum  error  of  0.1  degree 
Fahrenheit.  As  the  control  scheme  is  identical  to  that  used  in  the  constant- 
temperature  viscosity  baths  and  all  runs  are  relative  to  the  calibration 
fluid,  the  effect  of  temperature  upon  viscosity  is  negligible 

The  pressure  drop  over  the  filters  consisted  of  the  liquid  head  plus, 
in  some  cases,  an  applied  pressure  drop.  Since  the  calculations  of  the 
relative  efflux  times  are  relative  to  a calibration  fluid,  only  the  applied 
pressure  drop  is  a source  of  error  in  the  measurement  of  the  efflux  times. 

The  vacuum  applied  to  the  Erlenmeyer  flask  was  measured  relative  to 
atmospheric  pressure  by  a mercury  manometer  The  height  was  measured  to 
within  0.05  centimeter  Thus,  the  maximum  percent  error  for  the  vacuum 
assisted  runs  was  0.2  percent.  However,  the  increased  flow  rate  of  the 
vacuum  assisted  runs  reduced  the  error  in  timing  the  run.  Thus,  the 
variation  of  repeat  runs  did  not  Increase  over  the  runs  without  the  application 
of  a vacuum. 

The  value  of  the  pressure  drop  is  necessary  for  the  calculation  of  shear 
stress  and  shear  rate.  The  liquid  head  was  calculated  by  measuring  the 
distance  between  the  etched  lines  and  the  filter.  The  average  ot  the 
distances  between  the  upper  etched  line  and  the  filter,  and  between  the  lower 
etched  line  and  the  filter  was  used  to  calculate  the  pressure  drop  ever  the 
filter.  The  error  of  the  individual  measurements  was  0.01  centimeter  out  cf 
approximately  10  centimeters.  For  the  vacuum  assisted  runs,  the  error  was 
approximately  0.2  percent.  The  pressure  drop  in  this  case  consisted  of  that 
measured  on  the  manometer  plus  the  pressure  drop  due  to  the  liquid  head. 
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Liquid  viscosities  were  used  to  calculate  the  relative  eiflux  times,  and 
in  turn,  the  effective  film  thickness.  All  viscosities  were  measured  in 
Ostwald-Fenske  viscometers.  Since  the  same  viscometers  were  used  to  measure 
the  viscosities  of  both  the  calibration  fluid  and  the  additive  fluid,  the 
errors  of  the  relative  viscosities  were  negligible.  In  addition,  the  Ostwald- 
Fenske  viscometers  and  the  filter  have  similar  shear  rates.  Thus,  the 
possibility  of  a non-Newtonian  bulk  viscosity  is  minimized. 

The  additive  concentration  was  found  not  to  be  a significant  variable  in 
this  study.  The  additive  concentration  was  measured  within  0.01  gram.  The 
error  in  concentration  was  less  than  one  percent. 

The  primary  measurement  error  in  this  work  was  that  of  determining  the 
efflux  time.  Other  sources  of  measurement  error  were  negligible. 

In  addition  to  measurement  errors,  several  other  sources  of  error  were 
recognized  during  the  course  of  this  work.  These  errors  are:  the  possibility 
that  any  flow  is  non-Newtonian  in  these  fine  capillaries;  blinding  the 
filters  by  dirt,  water,  or  oil  contaminants;  degassing  of  the  fluids  during 
vacuum  assisted  runs;  and  crushing  of  the  filter  during  vacuum  assisted  runs. 

While  the  test  apparatus  has  a maximum  shear  rate  similar  to  an  Ostwald- 
Fenske  viscometer,  the  narrow  capillaries  may  produce  non-Newtonian  flow  In 
normally  Newtonian  fluids.  If  the  fluid  behavior  remains  Newtonian,  the  flow 
time  will  be  directly  proportional  to  fluid  viscosity  as  measured  with  an 
Ostwald-Fenske  viscometer.  Two  pure  nonpolar  mineral  oils,  MLO  7021  and 
MLO  7755,  were  selected  for  this  test.  Their  viscosities  are  3.03  and  13.14 
centistokes,  respectively,  at  100  degrees  Fahrenheit.  In  addition  to  these 
two  fluids,  three  mixtures  of  these  fluids  with  viscosities  of  5.33,  7,75, 
and  10. 5 centistokes  were  also  run  In  the  same  experimental  setup.  For  this 
test  a 0.45  micron  Millipore  filter  was  used  in  the  experimental  setup  as 
shown  in  Figure  4 using  the  procedure  previously  outlined  The  results  (see 
Figure  10)  show  a definite  linear  dependence  ot  efflux  time  with  visccsity. 

A slight  increase  in  efflux  time  was  noted  for  a check  run  wl^h  MLO  7021 
This  slight  increase  was  probablv  due  to  dust  which  unavoidably  entered  the 
apparatus  during  refilling  operations  As  the  study  lasted  five  days  and 
almost  a liter  of  fluid  was  rur.  through  the  filter,  this  slight  increase  was 
not  felt  to  be  significant.  Additionally,  these  oils  were  prefiltered  with 
a 0.45  micron  filter  and  not  the  01  micron  filter  which  was  standard  for 
all  other  runs.  Tests  generally  lasted  only  eight  to  twenty-four  hours  and 
less  than  two  hundred  milliliters  of  fluid  was  filtered. 

The  second  source  of  error  is  Inadvertent  blinding  of  the  filters. 

Three  things  were  found  to  cause  gradual,  continuously  increasing  run  times  - 
dirt,  water,  and  contamination  of  the  oil. 

All  oils  used  In  this  run  were  prefiltered  using  a 0.1  micron  Millipore 
filter.  Pure  oils  were  initially  filtered.  Additives  were  then  added  to 
prefiltered  oil.  The  mix  was  then  reflltered  with  a 0 1 micron  Millipore 
filter.  In  check  runs  with  oleic  acid  in  MLO  7021,  this  pre f 1 1 ter  mg  step 
did  not  change  the  concentration  of  the  acid  significantly. 
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Water  blinding  of  the  filters  was  a recurring  problem.  Water  blinded 
the  filter  apparently  by  entering  through  the  threads  of  the  Millipore 
filter  assembly  (Figure  6).  This  water  leakage  was  essentially  eliminated 
by  applying  Teflon  tape  to  these  threads.  The  presence  of  water  was  easily 
detected  by  relatively  large,  continuous  Increases  in  run  time.  Examination 
of  the  filter  showed  white  areas  where  the  water  had  blinded  the  filter. 

This  is  in  contrast  to  the  oil  wetted  areas  which  tended  to  be  opaque.  Often 
drops  of  water  were  also  present,  further  confirming  water  blinding. 

Unlike  pure,  uncontaminated  mineral  oils,  those  containing  oxidation 
products  did  not  quickly  approach  a constant  run  time  but  exhibited  a gradual 
increase  in  run  time.  These  oils  also  exhibited  a slight  darkening  as 
compared  with  the  water  white  color  of  a super-refined  mineral  oil  When  an 
essentially  constant  run  time  was  obtained,  the  oxidation  products  appeared 
to  behave  similarly  to  oleic  acid  and  effectively  masked  the  increase  in  run 
time  normally  observed  with  this  additive.  As  seen  from  Table  2,  the  oil 
(MLO  7685)  containing  oxidation  products  yielded  a viscosity  corrected  efflux 
time  ratio  of  approximately  one.  Treatment  with  activated  alumina  removed 
these  oxidation  products.  The  oil  now  exhibited  run  time  behavior  Identical 
to  uncontaminated  oils.  To  maintain  this  behavior  50  ppm  of  Parabar  441,  an 
antioxidant,  was  added  to  the  oil.  The  antioxidant  did  not  affect  the  flow 
behavior  of  this  oil  in  the  cellulose  filters. 

The  apparatus  used  in  these  experiments  permitted  only  a small  range  of 
pressure  drops  over  the  filter.  Applying  pressure  to  the  upstream  side  of 
the  filter  to  Increase  shear  stress  would  necessitate  construction  of  a 
pressure  shell.  To  avoid  the  necessity  of  this  construction,  a vacuum  was 
applied  to  the  downstream  side  of  the  filter.  This  presented  two  additional 
problems.  First,  oil,  when  passing  through  the  filter,  became  degassed. 
Secondly,  the  applied  pressure  drop  might  crush  the  filter. 

The  released  gas  formed  numerous  fine  bubbles.  To  avoid  ert.;rs  that 
might  be  caused  by  this  degassing  within  the  filter,  degassed  cils  were  used 
for  all  runs  made  under  vacuum  assist.  These  oils  were  degassed  for  at  least 
twenty-four  hours  at  less  than  one  centimeter  ot  mercury  absolute  pressure. 
During  a run,  the  maximum  vacuum  applied  was  less  than  50  centimeters  of 
mercury.  The  oils  were  maintained  at  slightly  above  run  temperature  during 
this  degassing  and  subsequent  storage  during  the  tun.  Preheating  minimized 
the  time  requited  for  the  sample  to  reach  the  equilibrium  tun  temperature  ol 
100  degrees  Fahrenheit.  During  this  time  the  oil  was  exposed  to  normal  air 
pressure.  Minimizing  this  exposure  was  necessary  to  prevent  significant 
amounts  of  air  from  redissolving  into  the  oils  and  subsequent  degassing 
within  the  filter. 

A high  pressure  drop  over  the  filter  resulted  in  crushing  the  tilter. 

To  determine  the  mechanical  strength  of  these  filters,  a senes  of  runs  was 
performed  at  various  pressure  depths.  A 0 2 micron  filter  was  used  for  this 
experiment.  As  sh.iwn  in  Figure  11,  the  structure  of  the  cellulose  filter 
begins  to  break  down  at  approximately  40  centimeters  of  mercury.  This 
crushing  of  the  tilter  was  permanent  and  could  not  be  reversed  by  reduction 
of  the  pressure  drop.  As  a result  of  this  experiment,  pressure  drops  higher 
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than  40  centimeters  of  mercury  were  not  applied  to  the  cellulose  filters  in 
this  work.  While  all  measurements  in  this  work  were  relative  to  the  cali- 
bration oil  or  pure  mineral  oil  and  thus,  the  relative  efflux  time  ratio 
would  not  be  affected  by  this  permanent  crushing  of  the  filter,  the  filter 
pore  size  and  thickness  might  be  altered  making  comparison  of  crushed  filter 
runs  with  normal  filter  runs  impossible. 


d.  Experimental  Results.  As  previously  mentioned,  many  theories  of 
elas trohydrodynamic  lubrication  are  based  upon  adsorption  of  the  surface 
active  additives  at  the  liquid-solid  interface.  Their  presence  here  assures 
their  availability  for  further  reaction  with  the  metal  surfaces,  protecting 
them  and  reducing  wear.  While  a pure  monolayer  is  sufficient  to  reduce  wear, 
a single  layer  will  not  provide  lasting  protection.  However,  monolayer 
coverage  would  be  expected  to  occur  at  the  liquid-solid  interface.  An 
organic  acid,  for  example,  oleic  acid,  would  chemisorb  on  the  metal  providing 
monolayer  coverage. 

This  monolayer  should  be  detectable  in  fluid  flow  studies  using  narrow 
capillaries.  If  the  capillary  has  a diameter  of  0.2  micron,  a monolayer  of 
oleic  acid  approximately  22  Angstroms  thick  should  decrease  the  fluid  flow 
rate  by  approximately  four  percent. 

The  apparatus  in  this  study  used  a filter  with  a uniform  pore  size  to 
detect  the  presence  of  adsorbed  molecules  via  a reduction  in  the  fluid  flow 
rate.  Calibration  of  the  filter  using  a fluid  of  similar  viscosity  was 
necessary  to  account  for  variations  in  the  filter  porosity. 


(1)  Results  with  Cellulose  Filters.  Four  oils  and  twelve 
additives  were  used  in  this  study  The  properties  of  these  oils  and  additives 
are  shown  in  Tables  3 and  4.  The  oils  were  primarily  supet-tef ined  mineral 
oils.  These  oils  contained  negligible  amounts  of  polar  impurities.  Any 
polar  impurities  must  be  removed  to  prevent  interference  with  these  tests. 


The  types  of  additives  tested  consist  of  two  acids,  three  resins  (two 
partially  hydrogenerated),  dimer  acid,  a bari..,m  sulfonated  hydrocaibon,  an 
organic  phosphate,  two  Acryloids,  and  two  polymers  (n-cctyl  polymethac ry lates) . 
In  general,  the  following  variables  were  studied  with  each  additive  - mineral 
oil  viscosity,  filter  pore  diameter,  and  additive  concentration.  The  data 
generally  show  a viscosity  corrected  efflux  time  ratio  (Z')  of  greater  than 
one  where 
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This  ratio,  Z' , was  used  to  calculate  the  effective  film  thickness.  A, 
by  equation  (10).  That  is 


A = 


(18) 
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where  Rq  is  the  mean  pore  radius.  The  effective  film  thickness.  A,  was  then 
plotted  versus  shear  rate  (see  equation  (3))  or  shear  stress  (see  equation  (1)). 
As  the  change  in  pressure  drop  was  small,  the  shear  stress  is  essentially 
proportional  to  pore  diameter,  and  shear  rate  is  proportional  to  pore 
diameter  and  inversely  proportional  to  fluid  viscosity 

These  plots  are  separated  into  two  distinct  groups.  In  the  first  group, 
the  effective  film  thickness.  A,  was  independent  of  shear  rate.  For  the 
second  group,  A was  an  increasing  function  of  either  shear  rate  or  shear 
stress. 

The  additives  that  formed  the  first  type  of  plot  appeared  to  form  rigid 
films.  Dimer  acid,  n-octyl  polymethacrylate-25  and  n-octyl  polymethacrylate- 
55  formed  relatively  thin,  stable  films. 

In  the  second  case,  the  oleic  acid,  the  resins  and  the  barium  sulfonate 
form  films  that  increase  in  thickness  as  a function  of  pore  diameter.  The 
value  of  A is  generally  larger  with  respect  to  the  size  of  the  additive 
molecule  than  those  formed  by  the  second  group  of  additives.  The  large 
effective  film  thickness  observed  for  the  Acryloids,  stearic  acid,  and  the 
organic  phosphonate  places  them  in  this  category. 

Dimer  acid  formed  a thin  film  of  constant  thickness  (see  Table  5 and 
Figure  12).  Over  the  range  of  mean  pore  diameters  and  additive  concentrations 
studied,  this  acid  formed  a film  approximately  15  Angstroms  thick-  Dimer 
acid  is  a dibasic  acid,  the  dimer  of  oleic  acid.  Dibasic  acids  are  believed 
to  adsorb  parallel  to  the  surface,  which  Indeed  appears  to  be  the  case  on  the 
cellulose  filters. 

Two  n-octyl  polymethacrylates  were  studied  (see  Tables  6 and  7).  The 
first  (No.  25)  has  a molecular  weight  of  about  8,000;  the  se.ond  (No  55) 
about  11,500.  As  seen  from  Figures  13  and  14,  these  additives  form  stable 
rigid  films  of  approximately  40  and  75  Angstroms,  respectively.  Over  the 
limited  concentration  range  studied,  the  effective  film  thickness  does  not 
depend  on  concentration.  The  lower  molecular  weighl  moletuie  appears  to  have 
a slight  dependence  of  A on  shear  rate.  This  is  not  the  cose  tor  n-octyl 
polymethacrylate-55,  which  shows  nc,  dependence  of  A on  (dv/dr).  Generally, 
the  film  for  n-octyl  polymethacry lates  appears  to  be  essentially  a rigid 
film  with  no  dependence  upon  pore  diameter  or  viscosity. 

The  observed  values  of  A for  the  dimer  acid,  n-octyl  polymethacry late-25 
and  n-octyl  polymethacrylate-55  are  relatively  small-  The  film  formed  by 
these  additives  appears  to  be  an  adsorbed  monolayer  with  no  interference  with 
the  bulk  fluid  flow. 

The  monobasic  acids,  the  resins,  the  barium  sultonate  and  apparently  the 
Acryloids  and  the  organic  phosphate,  behave  in  a completely  diiterent  manner. 

The  values  of  A are  much  larger  than  those  obtained  tor  the  rigid  lilms  and 
generally  Increase  with  increasing  pore  diameter. 
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While  oleic  acid  was  the  most  extensively  studied,  the  data  also  show 
the  most  variation.  In  part,  this  variation  may  be  attributed  to  the  small 
increase  in  the  viscosity  corrected  efflux  time  ratio,  Z',  (see  Table  8). 
Additionally,  many  of  the  oleic  acid  runs  were  made  before  the  water 
contamination  problem  was  recognized.  Thus,  some  of  the  runs  with  the 
naphthenic  white  oil,  MLO  7021,  may  exhibit  an  effective  film  thickness 
greater  than  the  thickness  actually  present. 

However,  the  following  conclusions  can  be  drawn  for  oleic  acid  (see 
Figures  15  and  16).  The  effect  of  concentration  appears  negligible  in  the 
range  studied  - 0.1  to  2.5  weight  percent.  The  base  fluid  viscosity  does 
not  affect  the  effective  film  thickness.  A,  over  the  viscosity  range  of  3 to 
77  centiscokes.  The  A increases  as  the  pore  diameter  increases  as  seen  in 
Figure  15.  The  effect  of  pressure  appears  small  (see  Figure  16).  However, 
the  scatter  in  the  data  masks  any  small  effect.  The  two  points  with  a shear 
stress  of  92  x 10~^  pound  per  square  inch  absolute  are  not  significantly 
different  from  those  with  a shear  stress  of  1 x 10“'  pound  per  square  inch 
absolute  (see  Table  8).  These  points  have  an  average  value  of  A of  10, 
while  the  average  value  of  A from  Figure  15  is  also  approximately  10  for  the 
0.2  micron  filters.  The  maximum  value  of  A observed  was  over  50  Angstroms, 
equivalent  to  approximately  two  rigid  monolayers.  The  behavior  of  A with 
respect  tc  pore  diameter,  pressure  drop,  and  bulk  fluid  indicates  that  the 
decrease  in  flow  rate  is  a result  of  a fluid  sublayer  existing  at  the  liquid- 
solid  interface  consisting  of  both  acid  and  base  stock  extending  some 
distance  into  the  fluid. 

The  second  acid  investigated  was  stearic  acid.  High  concentrations  of 
acid  (2.5  weight  percent)  in  the  base  fluid  solidified  at  room  temperature. 
Lower  concentrations  (0.5  weight  percent)  apparently  formed  a normal  solution 
appearing  clear,  water  white  at  room  temperature.  Viscosity  measurements  in 
the  Ostwald-Fenske  viscometer  also  appeared  normal.  However,  f he  solution 
would  not  pass  through,  the  0. i micrcn  filter  at  room  temperature.  Therefore, 
prefiltraticn  was  carried  out  with  the  aid  cf  a heat  lamp.  During  the  actual 
run,  the  flow  through  the  0.46  micron  filter  stopped  complete.y.  The  effect 
of  the  filter  apparently  oriented  the  molecules  and  crystallized  the  acid. 

The  higher  temperature  in  the  pretiltering  step  prevented  sc lidi neat  ion  of 
the  acid.  Stearic  acid  melts  at  about  l60  degrees  Fahrenheit.  This  was 
approximately  the  temperature  during  prefilterings,  thus,  permitting  the 
stearic  acid  solution  to  pass  through  the  filter. 

The  barium  sulfonate  behaves  slightly  different  (see  Tanie  9 and 
Figures  17  and  18).  The  lower  concentration  cf  the  suifcnate  is  not 
sufficient  to  form  a thick  film.  The  high  concentration  (5  weight  percent) 
shows  a linear  relationship  with  shear  stress  (see  Figure  17)  and  possibly 
with  shear  rate  (see  Figure  18).  As  the  pressure  drop  over  the  filter  was 
essentially  constant  for  this  series  of  runs,  A is  a function  of  both  pore 
diameter  and  the  base  fluid  viscosity.  This  behavior  again  indicates  the 
presence  of  a relatively  thick  viscous  sublayer.  Since  the  effect  of  bulk 
viscosity  appears  to  be  small,  this  layer  probably  consists  of  both  the  base 
stock  and  barium  sulfonate  with  a con 'entrar ion  different  ttom  that  in  the 
bulk  fluid. 
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Three  resins  were  examined,  a heavy  resin  (MLO  7779),  a super-refined 
resin  (MLO  7760),  and  a hydrogenated  resin  (LH  136,  137).  Tables  10,  11,  and 
12  and  Figures  19,  20,  21,  22,  and  23  are  the  results  of  these  experiments. 

As  the  plots  of  effective  film  thickness  versus  shear  stiess  show  (Figures  20, 
21,  and  23),  A for  the  heavy  resin  is  about  twice  that  for  the  super-refined 
resin,  which  in  turn  is  about  five  times  that  of  the  hydrogenerated  resin. 

Over  the  concentration  range  of  one  to  five  weight  percent  the  amount  of 
additive  did  not  affect  the  film  thickness.  The  effective  film  thickness 
increases  with  increasing  pore  diameter  but  not  with  fluid  viscosity.  The 
change  in  the  pressure  drop  was  negligible  for  this  series.  As  a result  of 
these  observations,  the  flow  appears  to  be  retarded  by  a thli_k,  viscous  sub- 
layer consisting  of  both  the  resins  and  the  base  stock. 

Ortholeum  162,  an  organic  phosphate,  provided  a very  thick  film.  At  five 
weight  percent  in  a naphthenic  white  oil  (MLO  7021),  the  effective  film 
thickness  was  140  Angstroms  with  a shear  rate  of  480  per  second.  This  run  was 
made  with  a 0.45  micron  filter  and  a calibration  time  of  316  seconds. 

Two  Acrylolds  were  studied  during  this  run  (Ac  333  and  Ac  966)  During 
prefiltration  these  additives  continually  plugged  the  0.1  micron  filter. 

After  prefiltering  the  Acrylolds  still  plugged  the  0.45  micron  filters. 

The  organic  acids,  resins,  barium  sulfonate,  organic  phosphate,  and 
Acrylolds  appear  to  form  thick,  viscous  films.  The  effective  film  thickness, 
A,  is  much  greater  than  can  be  explained  by  monolayer  adsorption.  However, 
the  viscous  layer  model  proposed  previously  accounts  for  this  effect  This 
theory  will  be  discussed  in  more  detail  in  the  following  pages - 

Lubrication  studies  have  indicated  the  possibility  that  the  combinations 
of  additives  found  in  lubricating  oils  may  Interfere  with  their  effectiveness. 
This  is  verified  by  several  examples  in  this  study.  The  results  of  studies 
with  an  oxidized  base  stock,  a polar  base  stock,  and  combinaticns  of  additives 
show  a decreased  effective  film  thickness 

The  effect  of  an  oxidized  base  stock  was  seen  in  a previous  section. 
Briefly,  an  oxidized  base  stock  effectively  masked  the  expected  increase  in 
efflux  times  for  oleic  acid  (see  Table  2) 

Table  13  shows  the  effect  of  a polar  base  stock.  For  these  experiments, 
dl-2-ethy Ihexy 1 sebacate  (MLO  7710)  was  used  as  a base  stock  with  2.5  weight 
percent  oleic  acid.  The  base  fluid  essentially  mjsks  the  effectiveness  cif  the 
oleic  acid.  However,  comparing  the  acid  to  a nonpolar  hydro; jrbon  base  stock, 
the  effective  film  thickness  is  essentiolly  the  same  a;,  these  obtained  with 
oleic  acid  in  a nonpolar  base  stock. 

Thus,  the  oxidized  base  stock  and  the  polar  base  stock  Interfere  with  the 
effect  of  oleic  acid.  In  both  cases,  it  appears  that  the  p,  lar  mole  u.es 
Increase  the  calibration  time  so  that  the  viscosity  corrected  efflux  rime 
ratio,  Z' , is  in  error-  This  is  verified  by  the  fact  that  Z'  !■  r di-2-erhv(- 
hexyl  sebacate  (MLO  7710)  relative  to  the  nonpolar  mineral  ;il  (MLO  7 755)  i 
not  unity.  In  fact,  it  is  two  percent  greater  (see  Fable  13) 


27 


z' 
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Table  14  and  Figure  24  are  the  results  of  a study  with  a combination  of 
two  additives  - barium  sulfonated  hydrocarbon  (PRL  3530),  and  a heavy  resin 
(MLO  7779).  These  additives  have  also  been  run  separately  (see  Figures  17 
and  19).  The  results  of  the  combined  run  are  nearly  identical  to  those  of  the 
heavy  resin  alone.  This  resin  effectively  masks  the  rigid  film  formed  by  the 
barium  sulfonated  hydrocarbons,  forming  a relatively  thick  shear  sensitive 
film.  However,  the  barium  sulfonated  hydrocarbon  does  appear  to  Interfere 
slightly  with  the  behavior  of  the  resin. 

Table  15  Is  the  result  of  a study  of  additives  In  KG-80.  For  these  runs 
the  isopropyl  oleate  is  the  most  effective  additive.  However,  the  concentra- 
tions of  the  oleic  and  dimer  acids  are  small  and  the  AO-702  causes 
considerable  interference 

The  interference  of  combinations  of  additives  can  be  clearly  seen  from 
these  previous  studies.  While  the  magnitude  of  the  interference  varies.  It 
was  present  in  each  of  these  four  studies. 


(a)  Modeling  Fluid  Flow  The  models  proposed  in  the  previous 
section  appear  to  adequately  handle  the  type  of  flow  restrictions  observed  for 
the  additives  in  the  cellulose  filters.  For  the  rigid  film  model,  A Is 
independent  of  pore  diameter,  pressure  drop  and  liquid  viscosity.  For  the 
second  model,  A is  a function  of  pore  diameter  and  possibly  liquid  viscosity, 
but  is  Independent  of  pressure  drop.  These  behaviors  are  similar  to  those 
observed  for  the  additives  In  this  work. 

These  are  not  the  only  possible  models,  however.  The  surface  film  might 
not  be  rigid.  The  surface  layer  might  consist  of  a rigid  film  plus  a viscous, 
Newtonian  sublayer.  Additionally,  the  viscous  layer  or  sublayer  might  be  non- 
Newtonian. 

The  surface  film  might  not  be  rigid.  In  fact,  it  probably  Is  tlexlble, 
especially  under  the  extremely  high  shear  stresses  found  in  boundary  lubri- 
cation. However,  during  this  study,  the  surface  film  was  subject  to  very  low 
shear  stresses.  In  addition,  the  range  of  shear  stress  was  small,  from  1 to 
10  X 10”^  pound  per  square  Inch  absolute.  If  the  film  was  flexible,  A should 
decrease  as  t Increases.  This  does  not  occur  for  any  of  the  additives  in  this 
work  over  the  limited  range  of  shear  examined. 

The  surface  film  might  consist  of  a rigid,  adsorbed  layer  plus  a viscous 
film  near  the  surface.  For  a surface  film  of  this  type,  a plot  of  A versus 
pore  diameter  will  be  an  increasing  curve.  The  curve  will  approach  some 
minimum  value  as  a limit  - the  rigid  layer  thickness.  In  general,  the  data 
are  not  accurate  enough  or  of  a large  enough  range  to  confirm  a non-llneat 
curve.  However,  the  minimum  effective  film  thickness,  the  rigid  portion, 
would  be  expected  to  be  relatively  large,  at  least  a monolaysr.  For  oleic 
acid  with  a molecular  length  of  22  Angstroms,  the  minimum  A br-erved  is  i5 
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Angstroms.  The  heavy  resin,  which  would  be  expected  to  have  an  effective 
molecular  length  several  times  that  of  oleic  acid,  has  a minimum  A of  25 
Angstroms,  while  the  super-refined  resin  has  an  A cf  15  The  hydrogenerated 
resin  has  an  A of  two.  These  data  tend  to  reject  this  type  of  sublayer. 

The  surface  layer  may  be  non-Newtonian.  Non-Newtonian  behavior  could  be 
caused  by  the  diminishing  effect  cf  the  solid  surface  with  distance  from  the 
surface  or  by  an  additive  concentration  gradient  near  the  surface.  As  with 
the  two  film  models  previously  mentioned,  this  would  result  in  a nonlinear 
plot  of  A versus  pore  diameter,  figure  25  is  a plot  of  data  from  the  study 
with  the  heavy  resin  (see  Table  10).  This  data  appears  to  be  the  most  self 
consistent  (see  Figure  20).  However,  when  plotted  on  linear  coordinates,  the 
scatter  is  extensive  permitting  virtually  any  curve  to  be  drawn  through  these 
points  with  equal  validity.  A more  extensive  study  is  necessary  to  rule  out 
the  possibility  of  a non- Newtonian  sublayer 


(2)  Studies  with  Metal  Filters.  In  addition  ro  the  studies  with 
the  cellulose  filters,  several  experiments  were  undertaken  using  316L  stainless 
steel  sintered  metal  filters.  These  filters  have  a pore  diameter  of  approxi- 
mately five  microns.  While  the  pore  size  varies  more  than  chat  of  the 
cellulose  filters  and  there  is  considerable  interconnection,  the  same  assumptions 
were  made  regarding  fluid  flow  in  this  study. 

The  data  and  calculated  eifective  film  thicknesses  are  presented  in 
Table  16.  Because  of  the  difference  in  srruccore  and  surface  properties, 
these  data  cannot  be  directly  compared  to  the  cellulose  filter  runs  With 
the  exception  of  the  five  percent  heavy  resin  (MLO  7779)  plus  five  percent 
barium  sulfonate  (PRL  3530)  in  MLO  7789,  a paraffinic  mineral  oil,  the 
general  trends  are  identical  to  those  shown  by  these  additives  in  the  cellulose 
filter  experiments.  The  small  viscos ity-cor tected  increase  in  run  time  for 
these  additives,  however,  produced  considerable  variatlcn  in  A 

The  metal  filters  proved  ncn-reusable  As  with  the  celioirse  inters, 
rinsing  the  metal  filter  with  puce  mineral  oil  would  not  lemuve  the  additive 
film.  After  cleaning  with  solvents,  the  calibiation  time  decreased  indicating 
a change  in  the  flow  charac ter istics  of  the  filter. 

In  addition,  prewashing  the  metal  filters  with  meth:.nci  prevented  formation 
of  a film  with  barium  sulfonate  (PRL  3530),  The  methanol  apparently  chemi- 
sorbed on  the  metal  surface  This  adscrption  could  not  be  reversed  by  heating 
at  250  degrees  Fahrenheit  for  twelve  huurs-  As  a result  .1  this  interference, 
the  filters  must  be  kept  clean.  If  cleaning  is  necessary,  ri-ing  'he  metal 
filters  might  be  preferable  to  chemical  .leaning 
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Figure  6-  MILLIPORE  FILTER  ASSEMBLY 


Filtration 

Funnel 


Figure 


5.0  Micron  Filter 


Metal  Filter 
Assembly  with 
0.1  Micron  Filter 


. PREFILTRATION  APPARATUS 


3 


w 


I 


u 

•> 

0) 

CO 

a) 

(0 

0) 

4J 

j: 

CO 

CO 

on 

o> 

o^ 

o\ 

ON 

C^^ 

ON 

• 

• 

• 

• 

• 

k 

• 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

>3^ 

>3" 

'*3* 

<3- 

'O' 

CN 

CM 

CM 

CM 

CM 

CM 

CM 

O 


CO  X 

o 

o 

o 

o 

o 

o 

o 

U (A 
CO  0>  < 

o 

o 

o 

o 

o 

o 

o 

0)  M M 
X 4J  CO 
CO  CO  On 

•H 

iH 

rH 

rH 

rH 

0k 

a « 

•H  < 
•H 

Pm  6 

Q 

(0  o 

M 

4J  (0  M 

m 

D 

C 0)  4J 

'O' 

iH 

• 

CM 

>-3 

(u  q (0 

M kS  00 

o 

CO  u q 

U 

Ok  *H  -<2 

CO 

Ok  .c 

<: 

< H 

PQ 

<u 

S 

>>'T3  S' 

4J  0)  <H  N 

N 

•H  AJ  H 

ON 

NO 

<7N 

••O' 

O 

to 

nD 

M 

(0  U «« 

r>. 

•O' 

CM 

00 

CM 

f'' 

Q 

O 0)  X o 

o 

O 

00 

CJN 

ON 

O 

M 

O Pi  0 *H 

O 

o 

O 

<7N 

ON 

ON 

o 

X 

(A  >M  fH  4J 

• 

• 

• 

• 

• 

• 

• 

o 

•H  o li-i  ni 

iH 

CM 

> U >1-1  ce! 

w 

0) 

<j 

iH 

c 

X) 

o 

o 

CO 

z 

MM  -H  CA 

H 

M 

O <w  • -O 

GO 

r' 

vO 

1— ♦ 

vO 

r'. 

o 

CO 

nJ  d C 

• 

• 

• 

• 

• 

• 

• 

0>  fH  o o 

oo 

CM 

io> 

'3‘ 

CO 

a 43  cni  u 

ir> 

m 

CO 

<r 

SO 

O 

iH 

•H  ‘H  0) 

CO 

cn 

CO 

CO 

CO 

'3- 

'3- 

H »H  CO 

CO 

H 

CJ 

CO 

3 

M 

o 

u 0)  C 

hJ 

<U  (0  4J  o 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Pm 

4J  0)  Vj 

• 

• 

• 

• 

• 

• 

• 

^ 0 a o 

O 

o 

o 

o 

o 

O 

O 

Q 

•H  Oj  CO  *H 

M 

Uk  -H  S 

Q 

(X4 

U (A 

•H  * (U 
w Pm 

d)  4M  O <* 

CM 

J2  -H  4J  O 

'O' 

Ok  (A  (A  O 

CA  O *H  ^ 

CO 

O U 4J 

B (A  C 

CO 

4J  *H  (U  CO 
< > CJ 

ir> 

00 

>D 

0)  *H 

(A  3 
CO 

o 

CQ  Uk 

q 

O u 

•*“»  'O  c 

4M  •HO) 

CO  O O 

U < U 

4M  Un  d) 

O 

C 0 U Ok 

• 

d)  -H 

CJ  d)  • 

C rH  VJ 

O 0 3 

CJ 

rH 

39 


J 


Table  3 

PHYSICAL  PROPERTIES  OF  STANDARDIZATION  FLUIDS 

MLO 

Number 

Physical 

Description 

Atmospheric 
Viscosity, 
Cent Istokes 
at  100°F 

— 

Cetane 

3.054 

7021 

Naphthenic  White  Oil 

3.035 

7685 

Naphthenic  Mineral  Oil 

3.223 

7755 

White  Oi] 

13.14 

7789 

Paraffinic  Mineral  Oil 

13.31 

7625 

White  Oil 

76.9 

7710 

Dl-2-Ethylhexyl  Sebacate 

12.6 

KG-80 


164.7 


Table  4 

PHYSICAL  PROPERTIES  OF  ADDITIVES 


Designation 

Description 

Approximate 

Molecular 

Weight 

— 

Oleic  Acid 

282 

— 

Stearic  Acid 

284 

PRL  3697 

Dimer  Acid  of  Oleic  Acid 
Empol  1022 

565 

PRL  3530 

Barium  Sulfonated  Hydrocarbons 

PRL  3170 

Ortholeum  162-Organlc 

Phosphate,  Dilaural  Acid 
Phosphate  and  Diacid 
Laurol  Phosphate 

— 

AC  333  Acrylola 

— 

AC  966  Acryloid 

1D.0  7779 

Kendall  Resin-Heavy  Resin 

;iLO  7760 

Kendall  Resin-Partially 
Hydrogenated,  Super 
Refined  Heavy  Resin 

2000-3000 

LH-136,  137 

Kendall  Resin-Hydrogenated 
PRL  7779 

n-Octyl  Polymethacrylate-25 

8000 

n-Octyl  Polymetharrylate-55 


11,500 
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A HEAVY  RESIN  (MLO  7779) 


EFFECT  OF  SHEAR  STRESS  ON  THE  EFFECTIVE  FILM  THICKNESS  OF  A 
PARTIALLY  HYDROGENATED  RESIN  (MLO  7760) 
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4. 


THE  EFFECTS  OF  CHEMICAL  REACTIONS  IN  BOUNDARY  LUBRICATION 


Studies  presented  in  Annual  Report  AFML-TR-74-201 , Part  II,  discuss  the 
techniques  developed  to  study  the  mechanism  of  boundary  lubrication.  Wear 
debris  is  generated  using  a Shell-  four-ball  wear  tester  designed  to  operate 
over  a range  of  temperatures,  speeds,  and  with  a controlled  atmosphere. 

Necessary  techniques  to  separate  the  debris  and  to  determine  the  nature  of  the 
chemical  reaction  occurring  in  the  concentrated  contacts  are  outlined  in  that 
report.  Tests  in  the  four-ball  wear  tester  geometry  with  no  load,  at  very  low 
speeds,  and  at  normal  operating  speeds  have  been  used  to  vary  the  temperature 
effects  at  the  wear  surfaces.  Standard  and  sequential  type  four-ball  wear 
tests  were  used  to  provide  data  used  to  estimate  reaction  rates  and  temperatures. 
Techniques  to  estimate  the  junction  temperature  rise  using  a chemical  conversion 
correlation  between  static  and  dynamic  runs  are  discussed  in  the  previous 
report.  The  junction  temperature  rise  determined  in  this  manner  is  shown  to 
be  substantially  higher  than  the  generally  used  Blok-Archard  flash  temperatures. 

Work  using  the  techniques  developed  in  these  previous  studies  has  been 
continued.  The  present  s*"''dies  are  concerned  with  the  effects  of  additive 
materials  in  formulated  fluids  on  the  chemical  reactions  taking  place  at  the 
bearing  surfaces. 

a.  The  Effects  of  Operating  Parameters  on  Chemical  Reactions.  In 
boundary  lubrication,  the  chemical  system  is  defined  by  the  chemical  nature 
of  the  fluid  and  metal  compositions.  The  reaction  environment  is  decided  by 
load,  speed,  atmosphere,  bulk  fluid  temperature  and  the  geometrical  configuration 
of  the  rubbing  surfaces.  These  parameters  determine  the  reaction  temperature 
and  pressure.  Mass  and  heat  transfer  are  controlled  by  gas  flow  rate  and  the 
geometrical  setup  of  the  testing  machine.  In  the  following  sections,  some  of 
these  parameters  are  examined  to  ascertain  their  effects  on  the  chemical 
reaction  system. 

(1)  Effects  of  Load.  The  machine  load  defines  the  normal  force  at 
the  contact  junction.  This  normal  force  remains  constant  throughout  the  run 
and  changes  only  if  the  machine  load  is  altered.  From  geometric  considerations, 
the  normal  force  at  each  ball  equals  about  40.8  percent  of  the  machine  load. 

The  mean  specific  pressure  at  the  contact  area  is  determined  in  addition  to 
the  normal  force,  by  the  contact  area  Itself.  The  average  contact  pressure 
changes  in  a run  as  the  wear  area  (the  load  supporting  area)  is  constantly 
increasing  from  wear.  The  change  in  the  mean  specific  pressure  during  a run 
could  be  as  much  as  25  times.  From  theoretical  considerations,  the  normal 
force  is  elliptically  distributed.  Hence  even  though  the  mean  pressure  may 
vary  greatly,  the  maximum  pressure  during  a run  could  vary  a lot  less.  This 
maximum  pressure  therefore  is  mainly  a function  of  the  machine  load.  Previous 
studies  (AFML-TR-74-201,  Part  II)  Indicate  that  during  a typical  run,  the 
average  temperatures  at  the  contact  junction  remain  fairly  constant.  When  one 
changes  the  load,  the  magnitude  of  the  normal  force  is  changed,  and  the  mean 
specific  pressure  goes  through  a similar  change.  All  of  these  point  out  that 
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during  a run,  the  mean  specific  pressure  change  has  little  meaning  and  the 
key  parameter  Is  really  the  magnitude  of  the  normal  force  which  is  determined 
by  load  alone. 


In  Table  17,  the  wear  product  analysis  data  as  a function  of  machine 
loading  are  presented.  The  load  was  varied  from  20  kg.  (8165  gm  normal  force) 
to  120  kg.  (48,960  gm  normal  force).  As  noted  in  Table  17,  Run  68  has  an 
abnormal  friction  curve  indicating  possible  seizure  and  recovery.  Run  70  has 
a rolling  element  in  it.  Therefore  the  data  from  these  two  runs  were  omitted 
in  the  figures  where  applicable.  In  Figure  26,  the  wear  scar  diameters  are 
plotted  against  load  on  a log-log  scale.  The  data  suggest  a transition  region 
between  75  and  90  kg.  load.  After  90  kg.  load,  wear  proceeds  at  a higher  rate. 
In  Figure  27,  the  oil  insoluble  iron  data  are  plotted  similarly.  A straight- 
line  relationship  is  obtained,  indicating  that  the  mean  surface  temperatures 
are  proportional  to  the  normal  force.  To  examine  this  point  further, 
theoretical  estimation  of  the  average  junction  temperatures  using. Bos' 
equation  (13)  and  the  friction  measurement  data  is  carried  out.  At  the  same 
time,  using  the  oil  insoluble  organometalllc  iron  conversion  data,  junction 
temperatures  are  estimated  from  Figure  28.  These  temperatures  are  plotted  on 
the  same  graph  as  shown  in  Figure  29.  The  chemical  conversion  estimations  are 
considerably  higher  than  the  theoretical  average  temperatures  as  before  The 
theoretical  maximum  temperatures  when  adjusted  with  Bos'  experimental  results 
come  pretty  close  to  the  chemical  conversion  estimations.  Lastly,  the  iron 
particles  and  iron  oxides  are  plotted  as  a function  of  load  in  Figure  30.  The 
iron  particles  increase  linearly  with  load  while  the  iron  oxides  decrease 
with  load.  This  is  reasonable  as  load  Increases,  the  normal  force  increases 
in  magnitude  forcing  more  asperity-asperity  contact  and  generating  higher 
temperatures  in  the  process  As  temperatures  are  raised,  the  chemical  reactions 
which  include  the  oil  oxidation,  degradation,  surface  metal-hydrocarbon 
reactions  accelerate  with  speed.  Since  the  initial  oxidation  products  from 
the  hydrocarbon  oil  are  more  active  chemically,  most  of  the  cxygen  available 
is  preferentially  used  up  by  the  oil  which  in  turn  generates  polar  products 
The  oxygen-bejrlng  polar  species  from  these  reactions  then  adsorb  onto  the 
surface  and  subsequently  react  with  the  metal  forming  an  artive  lubri.aring 
film.  In  this  way,  the  surface  metal  has  less  oxygen  to  react  with  to  form 
oxides  or  the  iron  particles  generated  during  asperity-asperity  contact  find 
very  little  oxygen  to  react  with  in  the  high  temperature  zone 

Theoretically,  the  load  has  a much  stronger  influence  on  the  juncticn 
temperature.  In  Figure  29,  the  theoretical  equation  predicts  a much  stronger 
dependence  of  temperature  on  load  (slope  = 1.94  ■’F/kg.);  yet  the  chemical 
conversion  data  show  much  less  dependence  (slope  = 0.57  F/kg,),  with  the 
same  functional  form  in  both  cases.  One  possible  explanation  to  this  i.t  that 
the  load  Is  actually  supported  on  a tiny  fraction  of  the  apparent  wear  area  in 
the  real  case.  The  elliptical  distribution  of  the  normal  force  only  aggrevates 
the  situation.  The  load  supporting  area  therefore  will  be  c .o'- en  t r ,i  t cd  .it  t ho 
highest  load  and  the  temperatures  in  that  small  hot  zone  probably  d..min.i’>- 
the  chemical  reactions  and  the  lubrication.  Therefore  from  the  high  load  ii 
low  load,  the  theory  predicts  a larger  temperature  spread  while  in  it.iliiy, 
the  difference  in  load  for  the  region  may  not  be  as  gie.it  as  |u  edict  id 


71 


(2)  Effects  of  Speed.  To  assess  the  effects  oi  speed  on  wear,  a 
series  of  experiments  were  performed,  in  which  the  speed  varied  from  400  r.p.m. 
to  2,000  r.p.m.  The  results  are  presented  in  Table  18.  As  noted  in  the  table. 
Runs  62  and  63  may  have  some  problems  and  their  reliability  may  not  be  as 
good  as  for  the  others.  At  2,000  r.p.m.  the  lubricant  failed  and  the  run  was 
terminated  after  only  six  minutes  of  running. 

The  mean  wear  scar  diameters  are  plotted  against  the  rotational  speed  in 
Figure  31.  It  can  be  seen  that  initially  the  wear  increases  with  speed  but 
beginning  with  the  800  r.p.m.  datura,  it  takes  an  abrupt  turn  downward 
decreasing  with  increasing  speed.  At  2000  r.p.m.,  catastroph’c  wear  occurs. 

The  amount  of  iron  generated  is  plotted  in  Figure  32  to  demonstrate  further 
that  there  is  a maximum  in  wear  as  speed  increases.  Note  that  the  gross 
amount  of  iron  as  iron  oxides  goes  through  a sharp  maximum  at  30  cra/sec. 

(800  r.p.m.)  as  does  the  total  amount  of  metallic  iron  produced.  The  behavior 
of  the  oil  insoluble  iron-organics  plotted  in  Figure  33  is  equally  puzzling. 

The  high  oil  insoluble  iron  at  15  cm/sec.  speed  (400  r.p.m.)  and  its 
subsequent  zigzag  behavior  can  only  be  caused  by  either  unusually  large 
errors  in  the  data  or  a real  situation  that  has  a very  logical  explanation. 

In  the  following  sections,  these  two  possibilities  are  explored. 

Theoretically,  as  speed  is  increased,  higher  friction  resulting  from 
higher  frequency  of  contact  should  generate  more  heat  and  higher  surf ace/ fl ash 
temperatures.  High  surface  temperatures  accelerate  the  chemical  reaction  rate 
and  also  the  adsorption/desorption  processes.  Cameron  (14,15)  proposes  a 
desorption  failure  mechanism  in  which,  the  lubricant  fails  due  to  high 
surface  temperatures  which  hastens  the  desorption  process.  This  may  explain 
the  increasing  wear  with  increasing  speed  but  fails  to  account  for  the 
decreasing  wear  with  speed.  It  has  been  known  for  a long  time  that  as  speed 
is  increased,  the  pumping  rate  of  the  lubricant  through  the  contact  junction 
is  also  raised.  In  a curvilinear  contact  in  whi.h  the  pressure  is  elliptically 
distributed,  a liquid  wedge  may  be  generated  according  to  the  principles  of 
fluid  mechanics  and  enough  internal  pressure  could  be  generated  within  the 
liquid  film  wedge  that  the  hydrodynamic  component  in  the  lubi  n ation  mode  is 
significantly  raised  to  such  an  extent  that  the  number  and  frequency  of 
asperity-asperity  contacts  between  the  two  surfaces  .^te  markedly  reduced. 

This  would  result  in  lower  wear,  1 iwer  surface  temperatures  and  fewer  chemical 
reactions.  The  iron  particles  ptcduced  in  this  i cgion  due  to  low  junction 
temperatures  will  be  less  likelv  to  be  oxidized.  However,  this  process  only 
works  to  a certain  extent.  As  the  opeed  is  int  teased  further,  the  oil  film 
thickness  Increases  This  means  that  the  low  thermal  ; nducti.nLy  layer 
between  the  surfaces  grows  in  thickness.  The  temperature  gr.iditnt  across  the 
film  also  grows.  Viscous  dissipation  of  heat  also  Increases.  A higher  mean 
surface  tempeiature  could  result  from  these  factors.  As  temperatures  arc 
steadily  increased,  the  viscosity  of  tlie  oil  dect  eases  and  t fie  hydrodynamic 
lubrication  contribution  lessens.  Finally  fa  i lure < se i zure  occurs  when  the 
temperature  at  the  contact  is  too  nigh  tor  tfie  ha.^c  fluid  to  function.  Tills 
could  be  what  has  been  observed  at  2,000  r.p.m.  in  tfii-  rcrlc-  Irom  these 
considerations,  the  production  of  iron  partules  per  unit  .ire.i  i examined  In 
Figure  34.  It  can  be  seen  tfiat  the  iron  present  .o-  iron  . xides  inrrcases 
initially  witfi  speed.  At  10  cm/.<-ec  (800  r.p  m.  ) the  < urve  take->  a turn  .iboiit 
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and  decreases  with  speed.  The  formation  of  iron  particles  initially  decreases  V 

with  speed  and  at  the  same  transition  point,  begins  to  rise  with  speed  and  m 

finally  reaches  catastrophic  magnitudes.  In  Figure  35,  the  surface  temperatures  1 

are  calculated  from  experimental  friction  values  and  compared  with  the  | 

temperatures  obtained  from  chemical  conversion  data.  It  can  be  seen  that  both  I 

curves  have  the  same  characteristics  and  shape.  A lower  temperature  is  shown  | 

at  38  cm/sec.  which  rises  again  at  57  cm/sec.  These  data  lend  credence  to  the  ] 

above  explanation. 

The  tour-ball  machine,  from  its  design,  suffers  from  the  sensitivity  to 
axis  alignment.  At  different  speeds,  different  dynamic  balance  and  alignment  : 

may  produce  different  vibrational  characteristics.  These  vibrations  may  affect 
the  wear  behavior,  and  the  drop  in  temperature  may  be  the  result  of  this.  In 
view  of  the  evidence  considered,  this  author  believes  this  observed  phenomenon 
is  not  due  to  the  vibrations.  However,  more  experimental  data  are  needed  before 
this  question  can  he  resolved. 

b.  Effects  of  Functional  Groups  on  the  Formation  of  Or ganometall ics  as 
Related  to  Wear.  From  the  study  of  the  '*pure"  base  fluid  as  presented  in  the 
previous  studies  (AFML-TR-74-201 , Part  II),  one  may  conclude  that  the  chemical 
reactions  during  lubrication  are  governed  mainly  by  the  polar  species  as  a 
result  of  oxidation.  Therefore,  one  logical  extension  of  the  study  is  to  add 
a predetermined  amount  of  active  chemical  having  a particular  functional  end 
group  to  the  base  fluid  and  observe  the  response.  Most  of  this  functional 
additive  study  was  made  in  the  Shell  Four-Ball  Wear  Tester  which  has  a fixed 
speed  of  600  ± 30  r.p.m.  To  provide  a meaningful  comparison,  the  base  fluid, 

PRL  7789A  was  first  run  on  the  same  machine  twice.  The  results  are  presented 
in  Table  19.  In  the  following  sections,  the  effects  of  an  alcohol,  a halide 
and  an  acid  with  a alkyl  backbone  are  examined 

Alcohol  is  one  of  the  oxidation  products.  Long  chain  paraffinic  alcohols 
are  quite  polar  and  surface  active.  Early  adsorption  studies  indicated  it 
could  be  used  as  a lubricant.  At  the  same  time,  the  poiur  hydroxyl  group  is 
chemically  active  and  lower  molecular  weight  alcohol.s  have  been  used  quite 
effectively  to  dissolve  organic  "sludge"  in  lubrication  For  these  reasons, 
octadecyl  alcohol  was  used  as  an  additive  to  the  base  fluid. 

Table  20  summarizes  the  concentration  effects  of  the  C]^g  alcohol 
Figure  36  illustrates  the  effects  the  alcohol  has  on  the  formation  of  o.-gano- 
metallic  compounds.  At  a 0.01  percent  by  weight  alcohol  cc.nc ent r a t ion , 
essentially  no  change  was  observed  from  the  base  state.  From  0.  I to  1.0 
percent  alcohol,  the  amount  of  organic-iron  compounds  i ises  steadily  approaching 
the  base  state,  indicating  that  the  solvency  aspect  of  the  .ilcolu  1 may  be 
acting  as  a detergent/ inhibitor  initially.  As  the  cone ent r at  ion  of  .il.oh.  1 
is  increased,  the  alcohol  itself  enters  into  the  reaction  scheme  and  "iron 
soap"  may  be  formed  in  reducing  the  contacts  at  higli  temperature.  At  a 
concentration  of  five  percent,  the  lubricant  aspect  of  the  alcohol  niagnilests 
Itself  by  increasing  drastically  the  amount  ol  organometal 1 ic  itwO  cr  mpounds 
formed  and  at  the  same  time,  reducing  gross  wear  area  some  65  percent. 

Figure  37  Illustrates  this  point  graphically.  As  the  tia  tion  el  organi. 
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iron  in  wear  debris  increases,  the  average  wear  scar  diameter  decreases.  At 
a five  percent  alcohol  concentration,  the  sudden  reduction  in  wear  is 
accompanied  by  a sudden  surge  in  organic-iron  formation.  As  a boundary 
lubricant  additive,  octadecyl  alcohol  is  not  a good  one.  !t  illustrates, 
however,  the  importance  of  the  polar  functional  group  of  a long-chain  molecule. 
As  one  of  the  oxidation  products,  this  indicates  that  unless  extensive 
oxidation  occurs,  the  net  effect  on  the  lubricant  may  be  small.  At  high 
concentrations,  the  effects  are  quite  dramatic.  The  oii-soluble  organc- 
metallic  iron's  formation,  car  be  deduced  to  result  primarily  from  the 
oxidation  products  reacting  with  the  iron  At  the  vicinity  of  the  surface, 
the  concentration  of  polar  species  must  be  significant  to  promote  such 
reactions. 

The  effects  of  the  base  fluid  purity  on  its  responses  to  additive  treat- 
ment is  next  examined  for  the  alcohol  case.  The  data  at  two  alcohol  concentra- 
tion levels,  0.1  and  1.0  percent  is  compared  in  Table  21  In  both  cases, 

MLO  7789A,  the  purer  fluid,  shows  better  additive  response  and  smaller  wear 
scar  diameters.  The  effect  on  organometal 1 ic  formation  is  too  small  to  see. 

This  can  be  explained  by  the  competition  between  the  polar  species  in  the 
oil  (heteroatoms  such  as  nitrogen,  oxygen,  sulfur,  etc  in  the  oil  are  polar 
in  nature)  and  the  alcohol  molecules.  The  alcohol  molecules  have  less 
competition  for  surface  adsorption  when  the  polar  impurities  in  the  oil  are 
removed  by  activated  alumina  percolation.  Hence  better  response  to  additive 
treatment  results.  This  is  indicated  by  lower  wear  scar  diameter  and  higher 
oil-soluble  organic-iron  levels.  Alcohol  when  effective  produces  a lot  of 
oil-soluble  organic  iron.  In  the  untreated  oil  case,  high  wear  scar 
diameters  coupled  with  lower  oil  soluble  or ganometallic  compounds  suggest  the 
polar  species  in  the  oil  itself  is  interiering  with  the  alcohol  additive. 

Halides  are  often  used  as  extreme  pressure  lubricant  additives.  These 
halide  molecules,  when  incorporated  into  long  chain  hydrocarbon  molecules, 
provide  extremely  reactive  functional  groups.  Under  extreme  pressure  lubri- 
cation conditions  (high  temperature  and  pressure),  they  rea  t with  the  metal 
surface  almost  instantaneously,  preventing  scut f mgr  sc  or ing. sei zure . Under 
boundary  lubrication  conditions,  they  generally  will  not  reduce  wear  but  will 
Increase  the  seizure  lead  considerably. 

In  this  study,  the  effects  of  octadecyl  bromide  on  the  formation  of 
organometallic  compounds  was  monitored.  In  the  octadecyl  al.chol  Ccise,  the 
high  concentration  of  the  alcohol  has  been  shown  to  increase  the  formation 
of  oil  soluble  organic-iron  compound^  Therefore,  '.ctade.yl  bromide  is  used 
here  to  see  whether  increased  reactivity  of  the  end  gr^'up  will  incteose  the 
formation  of  organometallic  compounds.  As  shewn  in  Table  22,  the-  ettects  or 
octadecyl  bromide  concentrat ion  on  wear  and  its  products  is  examined.  The 
bromide  additive  did  not  reduce  gross  wear.  This  w.is  expected.  In  tact,  wear 
increases  with  higher  bromide  concent t at i on . The  amount  cf  oil  soluble  organic- 
iron  remains  fairly  constant  within  the  experimental  error  limit  This 
phenomenon  differs  from  the  alcohol  which  sh.ws  a large  mcte.ise  in  cll-soluble 
iron.  With  bromide  present,  the  oil  insoluble  irm  is  significantly  higher 
than  in  the  base  fluid  and  increases  with  increasing  bromide  c oncent t at  Ion. 
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This  may  suggest  that  the  oil  insoluble  iron  has  a different  formation 
mechanism.  While  both  the  alcohol  and  the  bromide  react  with  the  iron 
surface,  the  reaction  products  of  the  alcohol-ircn  are  probably  metal  soaps 
or  complexes  which  are  soluble  in  oil.  The  bromide,  on  the  other  hand,  reacts 
with  iron  forming  oil  insoluble  products.  This  would  indicate  that  the 
reactivity  of  the  functional  group  strongly  affects  the  type  and  the  nature 
of  the  reaction  products. 

Fatty  acids  are  some  of  the  earliest  lubricants.  They  reduce  friction 
and  wear  significantly.  When  used  as  an  additive  In  oils,  stearic  acid  has 
been  extensively  studied  in  terms  of  adsorption  and  orientation  of  molecules 
on  metal  surfaces.  It  '..as  been  found  generally  that  carooxylic  acids  adsorb 
physically  by  forming  carboxylate  ions  RCC.g>  «nd  subsequently  bond  to  the 
surface  covalently 

The  effects  of  stearic  acid  concentration  on  wear  and  its  products  ate 
shown  in  Table  23.  Wear  decreases  drastically  with  the  addition  of  stearic 
acid.  After  0.1  percent  (wt.),  further  increasing  of  additive  concentrat loi 
does  not  further  reduce  wear.  There  is  little  oil  soluble  iron  in  the  wear 
debris.  The  oil  insoluble  iron  is  below  the  base  fluid  level.  Figure  38 
also  illustrates  the  effect  of  stearic  acid  concentration  on  wear.  At  0,1 
percent  by  weight  acid  level,  15  percent  reduction  of  wear  is  obtained.  High 
amounts  of  oil-soluble  iron  compounds  are  observed.  At  0.1  percent  and  one 
percent  acid,  wear  reduction  reaches  39  percent  and  little  oil-soiuble  iron 
is  formed.  The  oil  Insoluble  iron  seems  to  increase  linearly  with  the  acid 
concentration.  These  observed  data  may  be  explained  by  the  following 
hypothesis.  At  a very  low  acid  level  (0.01  percent),  the  boundary  lubricant 
film  is  formed  by  a mixture  of  the  stearic  acid  and  hydrocarbcn  base  fluid 
and  there  are  apparent  interactions  between  the  acid  and  the  paratflns  Under 
high  temperature  and  pressure  conditions,  substantial  oil-soluble  icon 
compounds  result  from  the  reaction  between  the  iron  surfaces  and  the  hydro- 
carbons. Some  oil-insoluble  icon  complexes  are  formed  which  adhere  strongly 
to  the  surface  and  provide  the  wear  reduction  At  higher  a_id  concentr.it icns , 
the  stearic  acid  overwhelms  the  paraffinic  ba=e  stock  (or  its  polar  impurities) 
and  adsorbs  preferentially  on  the  surface.  The  subsequent  covalent  bonding 
between  the  acid  and  the  iron  provides  a strong  coherent  (oriented)  film  thus 
effectively  reducing  friction  and  wear.  Further  addition  ot  a.  id  becomes 
excess  material  and  does  not  affect  the  wear  process.  This  hyporhe-i.-i  points 
to  the  importance  of  the  physical  properties  of  the  teact.cn  products  between 
iron  and  the  hydrocarbon.  The  fact  that  the  stearic  a id  tends  to  orient 
itself  in  adsorption  and  provides  a strong,  coherent  film  piobaoiy  explains 
its  effectiveness  as  a boundary  lubricunt.  In  contrast  to  ste..ti,  acid, 
octadecyl  bromide  is  chemically  active;  apparently  the  reaction  products 
between  iron  and  the  bromide  do  not  have  the  strength  or  ot  lentation  or  itiain 
length  to  act  effectively  as  a lubricant.  The  teaction  pr.ducis  are  removed 
from  the  junction  by  she,u  s t r esses/cav  1 1 at  ion/desor  p t i on  i.tirly  quickly. 

This  results  in  corrosive  attack  on  the  iron. 

Aromatic  structures  in  lubricating  c.ils  have  been  viewed  in  the  ,-ame  .lass 
with  the  polar  impurities  in  wear  reduction  and  tor  in-  re,i-ing  the  i!,,d 


carrying  capacity  of  the  oil.  Unsaturated  hydrocarbons  like  olefins  and 
aromatics  usually  are  chemically  more  active  than  saturated  hydrocarbons  such 
as  paraffins  and  naphthenes.  Correspondingly,  the  unsaturated  hydrocarbons 
are  more  effective  boundary  lubricants.  There  are  reports  in  the  literature 
showing  both  synergism  and  antagonism  when  aromatics  are  mixed  with  paraffinics. 
Groszek  (16)  demonstrated  that  the  mixture  of  oil  is  a poorer  lubricant  than 
either  its  aromatic  or  paraffinic  fraction.  In  his  work,  he  showed  that  the 
portions  eluted  with  pentane  (paraffins  and  naphthenes)  or  isopropanol 
(aromatics  and  polar  impurities)  from  silica  gel  are  a superior  lubricant 
compared  to  the  original  oil.  Appledoorn  and  Tao  (17),  on  the  other  hand, 
using  pure  chemicals,  demonstrated  synergistic  behavior,  i.e.,  the  mixture 
was  the  superior  lubricant  compared  to  either  of  its  components,  aromatics  or 
paraffins.  Beerbower  (18)  and  Whitby  (19)  discussed  the  two  results  and 
concluded  that  the  presence  of  polar  aromatic  sulfur  compounds  is  responsible 
for  the  prowear  effects  in  the  natural-occurring  oils.  Pure  aromatics  are 
antiwear  in  nature.  When  both  species  are  present,  the  sulfur  compounds 
preferentially  adsorb  onto  the  surface  hence  blanketing  the  aromatics'  effects. 

In  Table  24  and  Figure  39,  the  wear  data  for  dodezy Ibenzene , dodecyl- 
toluene  and  triamy Ibenzene  are  presented.  Comparing  with  the  base  fluid  MLO 
7789A,  it  can  be  seen  that  the  pure  aromatics  have  unquestionably  better  anti- 
wear characteristics.  Among  the  three,  the  monosubsti tuted  aromatic  has  the 
best  antiwear  performance.  Dodecyltoluene , because  of  its  reactive  tertiary 
hydrogens  on  the  methyl  group,  is  the  most  reactive  species  of  the  three,  and 
has  the  highest  wear  among  the  three  aromatics.  Tt lamy Ibenzene  has  shorter 
alkyl  groups  and  wear  falls  between  the  two  aromatics.  The  amounts  of  organo- 
metallic  compounds  formed  indicate  the  same  trend-  Dodecyltoluene  produces 
the  highest  amount  of  organic-iron  products  in  both  the  oil-solubJe  and 
insoluble  phases.  More  than ''half  of  the  wear  debris  collected  is  organic  in 
nature  (66  percent).  Even  dodecy Ibenzene , with  the  lowest  wear,  has  far  more 
organic-iron  compounds  than  the  super-refined  paraftinit  base  oil,  MIO  7789a. 

The  next  step  is  to  mix  the  paraffinic  base  oil  with  cne  of  the  aromatics. 
Dodecy Ibenzene  was  chosen  for  this  purpose  because  of  its  g-cd  antiwear 
performance.  The  results  are  shown  in  Table  25.  Wear  decreases  as  the  pro- 
portion of  aromatics  in  the  base  oil  increases.  At  about  d 50:50  mixture, 
the  wear  rate  is  approaching  that  cf  the  pure  dodecy  Ibenzene.  However,  no 
synergism  nor  antagonism  is  evident  in  terms  of  wear.  Aromatics  seem 
definitely  a better  antiwear  agent  than  do  paraffins. 

The  mixtures  generally  have  a much  higher  amount  of  i I inscJuble  ircn 
compared  with  either  pure  component.  The  proportions  ot  crganic-iton 
compounds  in  the  wear  debris  are  higher  than  in  its  ciimponents.  Thus  in  terms 
of  surface  chemical  activity,  the  aromatic  species  in  the  piesen  e ot 
paraffinic  oils  has  a higher  reactivity  than  pure  aromatics  r p.iraliins. 

Thi.s  may  suggest  synergism  under  extreme-pressure  luhricati.n  c.nditicns. 

Aromatics  by  themselves  are  HH>re  therm.illy  stable  th.in  pai.itlins.  It 
takes  about  900'  to  1200’’F  to  break  up  tlie  ring  !^triutute  Reai.tivitv  ot  the 
arorriiitlcs,  however,  is  high  from  the  set^ndary  and  teiti.itc  hsdtogtns  under- 
going substitution  reactions.  Thi.s  would  suggest  that  the  .ilK\.  itrd  , irom.it  ics 
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!■  . . ■ • . r II  n It  ; ii  f Will  tind  to  be  therm;iily  stable  but  highly 

1 ' . • h 1 ►;!!  ' 1 1- 1 nso  1 ub le  iron  in  the  case  of  the 

It  -.I'  - • I lit  together  with  the  aromatics,  under  the 

■ • 11  ■,  i h*  parattins  break  d wn  and  the  resulting 

I . • • I.  II  m.itiw  which  have  adsorbed/ r eac  ted  with  the 

.1  ,,ie  molt  sutfare  active  and  reactive 

• . ii.  lion,  (It  odui  ing  more  oil  insoluble  organic-iron. 


’ t iwetn  the  results  1 i om  aromatics  and  the 

II  I,  ■'  .1.  'he  tmoiint  ot  oil  soluble  organic  iron 

,ieti.  ; . .11  Wit  . II, 1'.  '.eiv  high  oil  soluble  iron  levels,  26,  62, 

III  ; - - , . • • II  . ’i.i  - fi.iiiUc  am  oil  soluble  iron.  If  the  pure 

ir  iwii:  i'l  • ■Mil'  IS  in  .lilt  iweai  additive,  there  should  be  a corre- 

sp.  na  I II,;  im  nut  ' 1 , S'  MibU  lion  present  in  the  mixture.  This  further 

indi.  lie-  th.ii  theii  lie  inter. utions  between  the  at  .matics  and  the  paraffins 
It  till  loiK.i.  I gone  It  high  temperature,  and  that  it  is  the  reacted  compound 
th.it  is  pi  VI. ling  the  .intiwe.ii  .ictivity  tathei  than  the  pure  aromatics 

The  etieits  ot  the  vaii.uis  iunction.il  groups  on  wear  and  on  the  chemical 


re.iiti.ins  h.ive  bt  en  ex.imined  individually.  Figure  40  compares  the  three 
chemi.al  species  with  regard  to  wear.  Oct.adecyl  bromide  at  levels  of  one 
percent  .ind  .above  h.is  prowe.ir  characteristics  indicative  of  its  chemically 
corrosive  nature.  Alcohol  is  only  efiective  at  five  percent  (wt.)  in  reducing 
wear  as  its  low  r eac  t i vi ty / polar i ty  would  indicate.  Stearic  acid  functions 
well  at  a low  concentration  of  0.1  percent  (wt.)  showing  the  ef tectiveness  of 
the  carboxylic  acid  end  group  in  terms  of  reactivity  and  strong  covalent 
bonding.  Figure  41  examines  the  three  chemicals  in  terms  of  oil  soluble  iron 
compound  formation  at  various  concentrations.  They  all  seem  to  be  concentration 
dependent.  There  is  apparently  an  additive  concentration  that  will  produce  a 
minimum  amount  of  oil-soluble  organic-iron  compounds.  For  alcohol  and  stearic 
acid,  this  concentration  is  0.1  percent.  For  bromide  the  concentration  is  one 
percent.  Looking  at  Figure  40,  wear  versus  concentration,  these  concent  ratlcn.s 
seem  to  correspond  with  the  change  in  wear  behavior  of  the  vat^ous  additives. 

For  the  alcohol  and  the  stearic  acid,  it  is  the  beginning  rt  weai  reduction 
by  the  additives.  For  the  biomide,  the  con  entration  (1%)  is  the  beginning 
of  the  prowear  behavior.  This  suggests  that  at  these  concentrations,  the 
effects  of  the  additives  on  the  wear  processes  are  first  observed.  It  may  be 
further  speculated  that  as  a result  of  preferential  adsorption  ot  the 
additives  on  the  solid  surfaces  and  subsequent  add i t i ve-me ta 1 surtaoes, 
additive-base  fluid  interactions  aiS?  such  that  the  metal  surfaces  <ire  well 
covered  and  protected.  Minimum  amounts  ol  oil-solubie  iron  are  formed.  At 
higher  additive  concentrations,  the  polar  impurities  in  the  add.tives  may 
exert  a major  influence  and  the  base  f 1 uid-add i t i ves  interactions  may  bo 
replaced  by  additive-additive  interactions  at  the  metal  suilace.  The  nature 
of  the  addi 1 1 ve-me ta I reactions  then  determines  the  amount  ti  f oil  soluble- 
iron  compounds  to  be  formed. 

The  effects  of  the  functional  groups  on  the  lorm.ition  ol  the  oi  1-ins.l  uhle 
organometa 1 1 1 c iron  are  examined  in  Figure  42.  As  with  the  , ase  with  oii- 
soluble  iron,  there  seems  to  be  a minimum  in  the  .uivC'  ex. opt  lot  stro.iiic 
acid  which  has  a linear  straight  line.  Octadooyl  bromide  being  the  mos' 
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active  chemical  species,  has  the  highest  organic-iron  concentration  at  all  j 

levels.  Stearic  acid  comes  in  second  and  the  alcohol  is  closely  third.  This 

suggests  that  reactivity  of  the  functional  group  plays  a very  important  role  ! 

in  determining  the  amount  of  the  oil-insoluble  crganic-iron  to  be  formed 
during  lubrication 

c.  The  Study  of  Phosphoms-Contalning  Additives  Thus  far,  this  study 
has  examined  the  base  fluid,  plus  some  polar  compounds  in  terms  of  chemical 
reactions  in  boundary  lubrication.  While  the  study  lurnishes  some  basic 
information  on  the  role  of  chemical  reactions  in  lubrication,  no  commercial 
antiwear  additive  agent  has  been  studied.  Phosphorus-containing  compounds, 
primarily  alkyl  and  aryl  phosphates  and  phosphites  are  the  most  important 

commercial  antiwear  agents  today.  In  the  following  sections,  some  of  these  1 

additives  will  be  investigated  using  the  four-ball  wear  tester  and  subsequent  | 

debris  analysis.  j 

j 

The  chief  effect  of  phosphor us-type  additives  is  a reduction  in  wear  | 

without  much  effect  on  the  coefficient  of  friction.  Beeck.  et  al.  (20,21)  in  ' 

1940  first  suggested  that  some  phosphorus  additives  rearted  with  the  metal  i 

surface  to  form  metal  phosphides.  The  phosphides  were  produced  at  the  high  j 

points  of  contact  under  boundary  conditions  and  subsequently  low  melting 

eutectics  with  the  metal  were  formed.  This  eutectic  then  was  wiped  into  the  ' 

valleys  by  the  rubbing  action.  This  provided  a much  smoother  surface  The  I 

suggestion  was  that  phosphorus  additives  acted  as  a chemical  polishing  agent. 

This  low  melting  eutectic  was  said  to  exist  at  a phosphorus  roncentrat ion  of  ; 

about  ten  percent  and  had  a melting  point  of  1020  C which  was  515  C below  the 

melting  point  of  iron.  ' 

Davey  (22)  evaluated  a series  of  alkyl  and  aryl  phosphate  and  phosphite 
esters  in  mineral  oils.  All  of  the  phosphate  additives  tested  were  found  to 
have  the  same  type  of  effect  on  wear  reduction.  Phosphites  were  found  to  be 
better  than  phosphates,  and  alkyl  esters  were  found  to  be  better  than  aryl 
esters  for  improved  lubrication. 

The  chemical  polishing  theory  advanced  by  Beeck  et  al.  was  iuter  revised 
by  subsequent  studies.  Low  wear  was  not  accompanied  by  gross  smo,  thing  of 
the  bearing  surface.  Bieber  and  Klaus  (23)  using  a ombinati  n .1  thin-layer 
chromatography  and  neutron  activation  analysis  were  able  t.  determine  that 
the  chemical  reaction  product  with  the  iron  at  the  bearing  ruriace  is  i i on 
phosphate  rather  than  an  iron  phosphide  eutectic.  These  studies  suggest  that 
the  iron  phosphate  results  from  a rea  tiun  between  the  i i on  and  an  a,  id 
phosphate . 

Thermal  stability  of  metal  phosphorus  compounds  ha.-  been  proposed  by 
several  researchers  as  an  important  parameter  for  determining  the  relative 

antiwear  activities  of  these  additives  (24,25,2b)  llowevci,  no  concensus  can  i 

be  reached  as  to  whether  high  thermal  stability  ..r  K.w  stability  i more 
beneficial  due  to  non-unlf.rm  testing  chemicals  anti  equipmcMit. 


;h 


Zinc  dialky Idithiophosphate  (ZDP)  is  one  ot  the  most  widely  used  antiwear 
agents.  It  is  an  excellent  lubrlcit>  additive  which  also  exhibits  oxidation 
and  corrosion  inhibition  Although  this  compound  has  been  studied  extensively, 

the  detailed  mechanism  by  which  it  functions  has  not  been  completely  understcrd-  ■ 

Several  investigators  agree  that  the  lubrication  mechanism  of  ZDP  involves 
chemical  reaction(s)  between  the  additive  and  the  beating  metal  (27,28,29) 

Both  phosphorus  and  zinc  have  been  identified  in  the  reacted  surtace  film. 

Other  authors  advance  the  theory  that  thermal  decomposition  ot  the  ZDP  molecule 
occurs  prior  to  chemical  reaction  (29,30,31).  The  results  ot  a =tudy  evaluating 
the  antiscuff  performance  of  ZDP  in  an  engine  show  tluit  the  atumii.  ratio  of 
Zn:S:P  changed  upon  decomposition  of  the  zinc  additive  (2-<).  This  seems  to 
support  the  theory  that  the  P to  Zn  linkage  is  broken  when  ZDP  decomposes. 

Barton,  Klaus  et  al.  (32)  used  paper  chromatography  in  conjunction  with  neutron  i 

activation  analysis  to  analyze  the  polar  lubricity  additives  in  ZDP.  Small 

but  significant  quantities  of  both  phosphorus  and  zinc-containing  polar  ; 

impurities  were  found.  Using  various  acid  phosphates  and  phosphites  in  wear 
tests.  It  was  hypothesized  that  the  acid  phosphates  as  impurities  in  ZDP  were 

the  effective  antiwear  agents.  The  following  luhtitacion  mechanism  for  ZDl'  j 

was  proposed:  | 

I 

I 

1)  Preferential  adsorption  of  polar  zinc-  and  phosphorus-containing  ! 

impurities  on  the  surface  of  the  metal,  j 

2)  Asperity  contact  producing  high  local  temperatures,  and  i 

3)  Chemical  reaction  of  the  polar  phosphorus-containing  impurities,  j 

which  are  believed  to  be  a partial  acid  ester  and/cr  a thicacid  i 

ester  of  phosphorus,  with  the  bearing  metal  to  produce  a mecol  j 

phosphate  surface  film.  ' 


In  this  study,  it  has  been  shown  that  high  local  temperutcres  are  indeed 
produced  at  the  wear  junction.  The  preteiential  adsctpiicn  . ho  i .ic  t e r i s 1 1 c s 
of  ZDP  and  its  impurities  ate  well  documented  (28,29,32). 

In  short,  steps  (1)  and  (2)  of  the  proposed  mechanism  are  verilied. 

Step  (3)  is  still  to  be  studied.  Due  to  the  complexity  of  the  ihemical 
reactions  and  the  numerous  chemical  s[)ecies  present  in  the  system,  absolute 
definition  of  the  reaction  products  and  mechanism  probably  will  not  lie 
resolved  in  the  near  future.  Some  physi.'al  evidence  >'t  diemi.al  rcucti.ur.' 
and  their  effect  on  wear  probably  are  helpful  af  tlii^  -tage. 

Table  26  <md  l•'igure  43  present  the  dat.i  bi  i.ned  in  t h i - studv.  ZDI'  in- 
effective in  r'during  wear  at  O.Ol  penent  (wt  . ) . Starting  at  0.1  piuiiuit, 
the  effective  wear  rate  is  'cntrr.lled  completely  by  ZDi  Wiili  a -loop  di.p 
in  gross  wear,  the  amount  of  iron  oxide  in  the  debris  is  i edu  r>d  bv  a-'i  iime-,. 

This  suggests  that  the  ZDP  or  its  [lolar  count  e t par  t diimin.ite  t lu>  nui.il 

surface  adsorpt  ion/ reac t ion  processes.  Onr e the  surta.e  is  satoiatid  with  .'n, 
P compounds,  any  lur  flier  increase  in  the  .elditivi  r nrrntta'iin  will  n.'t 
affect  the  rate  ol  wear.  I'h  i s is  she.wn  to  be  the  i an-e  The  .ve,.i  i.itis  ot 

1.0  percent  and  5 percent  ZDP  are  essenti  illy  uneh.ingcil. 
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The  amount  of  oiL-soluble  and  insoluble  of ganometal i ic  compounds  in  this 
case  exhibit  similar  concentration  dependence  to  those  of  prev^ious  additives 
(functional  group  additives)  i.e.,  a minimum  and  a gradual  rise  as  concentration 
increases.  This  can  probably  be  explained,  at  least  in  part,  by  impurity 
levels.  At  the  minimum,  the  surlace  is  saturated  with  polar  mciecuies  of  the 
additives/ impurities.  As  more  additive  is  put  into  the  system,  mere  polar 
impurities  are  available  and  some  of  the  polar  impurities  present  in  very 
small  quantities  are  at  a concentration  level  where  they  begin  to  influence 
the  adsorbed  layer(s)  composi tion (s ) . Chemical  interac'icns  at  the  surface 
can  also  be  affected.  Depending  on  the  chemical  species  present  at  the 
surface,  e.g.,  acidic  varieties,  more  organcmetal i i _ compounds  may  be  formed. 

These  data  demonstrate  that  chemicai  reactions  are  present  and  the 
reaction  products  exhibit  a concentration  dependence  on  the  additive  level. 

This  suggests  that  there  are  multiple  impurities  inter ac ticn/ compet ition  for 
adsorption  sites.  Base  stock-additive  interactions  may  also  be  indicated. 

The  effectiveness  of  the  lubricating  film  is  iliustrared  by  the  dramatic 
reduction  of  iron  oxides  at  effective  additive  concentrations. 

In  the  previous  studies  (32),  diLauryl  acid  phosphate  (DAP)  has  been  used 
for  comparison  studies  with  ZDP.  Lubricity  tests  tA-oali  and  EP)  indicated 
similar  behavior  for  DAP  and  ZDP.  Paper  chromatograms  ot  DAP  also  showed 
similarities  with  the  polar  impurities  in  ZDP  Therei.:re  it  was  postulated 
that  the  polar  impurities  in  ZDP  are  some  kind  of  acid  phosphates  Paper 
chromatography  coupled  with  neutron  activation  analysis  indiiated  that  there 
were  at  least  one  percent  (mole)  impurities  based  on  phosphotus  presenr  in 
ZDP.  With  the  analytical  methods  developed  in  this  study,  a better  comparison 
of  DAP  and  ZDP  can  be  made  in  terms  of  or gan  me c a i 1 i c compounds,  wear  product 
distributions,  etc. 

The  results  of  the  wear  study  with  DAP  are  p;esenr.rd  in  Table  27  ana 
Figure  44.  At  0.01  percent  (wt.)  of  DAP,  no  wear  tedutlon  was  _nserced 
From  0.1  to  five  percent,  constant  wear  levei  ac  50  percent  tf  that  of  the 
base  fluid  was  achieved.  After  0 i percent,  further  addition  cl  DAP  did  not 
change  the  wear  level  As  the  wear  is  reduced,  the  amount  c-1  iron  oxide 
formed  diminishes  rapidly  (from  200  og  to  11  ug,  a rwency  rimes  decrease) 

This  phenomenon  seems  to  be  charaf t e t i n t i c cl  most  gI  the  effertive  lubricity 
additives.  It  suggests  that  oxygen  or  i.xy  i mpo  ind,~  compete  wttti  tiie  lUbricity 
additive  for  surface  active  sites.  Witliour  the  addttivcs,  oxygen  or  exygen- 
bearing  compounds  dominate  the  surface  ads.'r  p t ion  . r enc  c i cn  pr_.esse;-,  hence 
high  oxide  formation.  With  the  lubricity  additive  iiresent  a'  i.w  .or.centr.i- 
tlons,  the  resulting  mixed  species  on  the  surlace  nuiv  exhihit  synergism  .r 
antagonism.  In  most  of  the  cases  studied  in  ilu*^  w rk,  eicliet  advef'^e  inter- 
action or  synergism  has  been  observed.  !'\,r  txanijile,  at  0.01  petcem  fwt . ) 

DAP,  the  wear  level  is  higher  than  tliat  cl  i ne  h<  .-t  fluid.  Ihf:  . i gan<  met,ii  1 ic 
compound  levels  are  substantially  higher  i ban  those  i.f  the  base  fluid  ot  r he 
fluid  with  effective  DAP  concentrations  (55  eg  cS  compared  witli  14,  5,  8 ugs). 
The  oxide  level  also  Increases.  This  indicates  that  a.-,  a resuli  ol  the 
possible  mixed  adsorpt  ion/ interact  K'n , a higher  rea  ti  n late  ar  .n.  re  i e..  lions 
take  place.  The  following  hypothesis  may  be  pi  p set!  i.  explain  'he  . bseived 
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trends.  In  order  for  the  boundary  film  tc  be  eifective,  the  species  in  the 
film  must  have  approximately  the  same  binding  strength  with  the  surface.  If 
specie  A has  a much  weaker  link  with  iron  than  does  =pe.ie  B,  under  the  same 
shear  stress/ rubbing/ cavitation  conditions,  A would  be  p t e t e r ent lal ly 
removed,  leaving  holes  and  gaps  in  the  film.  These  discontinuities  would 
tend  to  break  up  the  rest  of  the  film,  and  at  the  same  time,  expose  the  metal 
to  oxygen  attack. 

Comparing  ZDP  and  DAP  wear  product  distribution  at  the  most  eriective 
concentrations,  i.e.,  0.1  percent  for  DAP  and  one  percent  ter  ZDP,  their 
product  distributions  ate  similar.  Since  the  purity  of  both  additives  is 
unknown,  direct  comparison  at  equal  active  species  c oncentr at icn  level 
cannot  be  made.  Qualitatively,  it  can  be  said  that  DAP  and  ZDP  probably  have 
the  same  active  species/same  mechanism  that  would  result  in  similar  product 
distributions  at  two  different  concentration  levels. 

The  early  hypothesis  of  the  ZDP  working  mechanism  was  that  metal  phos- 
phides were  formed  (20,21).  Later,  the  impurities  in  ZDP  were  the  chief 
antiwear  agents  which  were  suspected  tc  be  either  phosphates  or  phosphites. 

A comparison  of  ZDP  with  phosphate  (DAP)  has  been  made  In  this  section, 
the  effects  of  tributyl  phosphite  (TBP)  on  wear  are  examined. 

Table  28  and  Figure  present  the  data  obtained  in  this  work.  It  can 
be  seen  that  wear  is  strongly  dependent  on  concentration  There  seems  tc  be 
a minimum  in  wear  at  one  percent  TBP.  Further  addition  ot  the  phosphite 
increases  the  wear  rate  significantly.  This  is  in  contrast  to  ZDP  and  DAP 
The  wear  protection  offered  by  TBP  is  also  not  as  good,  0.6  mm  lor  TBP 
versus  0.40-0.46  mm  for  DAP  and  ZDP  in  wear  scar  diameters. 

Organometal  1 1C  formation  in  this  case  also  exhibits  -a  different  behavior 
pactern.  Very  little  oil-solubie  metal  compound.^  are  lound  but  the  uil- 
insoluble  ircn  concentration  rises  almost  exponent lul 1>  witli  the  additive 
concentration.  This  suggests  that  TBP  i=  a.tive  i hemu.il  ly  At  low  .on- 
centrations,  the  TBP  otfers  wear  protection.  But  as  the  c on.,  em  r a 1 1 on  u- 
increased,  reactivity  als.  is  increased  prob.ibly  due  t..  the  Ptise  tiu.d  to  TBP 
ratio  change  at  the  surface  level.  instead  of  wear  pr  .tecti.'n,  .i  mild  ti.rm 
of  chemical  corrosion  sets  in,  increasing  the  we.ir  level.  Forbes  and  Batietsby 
(33)  studied  the  chemical  mechanism  ot  dialkyl  pluuphites,  Ihes  pc~tul.ited 
that  the  phosphites  hydrolyzed  to  iiho.sph.'nic  acids  which,  being  .i.a  a.  id;., 
species,  reacted  with  the  iron  readily.  If  this  is  true,  rhen  u ' in, reused 
additive  concentration,  the  acid  concentration  is  ais.>  i iv.  r t .•.-.ed . I tu  s 
mechanism  also  explains  the  large  amount  ol  or  I - i nsc,  1 un  i e i.r  gun  i c- i r on  being 
formed  and  their  exponential  increa-e  wi  tn  plu.spliite  c one  en  1 1 u t i i.n  . 

The  comparison  between  ZDP,  DAP,  und  lui  wear  products  suggests  rh,t 
ZDP  works  similarly  to  DAP  but  phosphites  exhibit  difletent  mccli.it.i  .‘-ms . 

Tricresyl  iibospbate  (TCIM  has  been  u.sed  wli.ely  as  an  antiw'.ir  additive 
for  mineral  oil  and  .synthetic  hydraulic  iluids  .rnd  luht  ..int-  ;n  the  lu.-i 
two  decades.  Studies  on  the  nuchanism  .it  luhruuti.ii  by  i'(P  utc  m.iin  l2l,2i). 
The  early  hypothesis  of  .in  ir  n-iron  phosphide  cutter  i.  ..t  i.w  melting  print 
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(chemical  polishing  theory)  has  been  shown  inadequate.  Recent  studies  at 
this  laboratory  show  that  the  chemical  reaction  product  with  the  iron  at  the 
bearing  surface  is  some  kind  of  iron  phosphate.  These  studies  suggest  that 
the  iron  phosphate  results  from  react lon(s)  between  the  iron  and  acid 
phosphates.  Studies  using  radioactive  TCP'^  have  shown  that  signiticant 
amounts  (5-25  percent)  of  phosphorus  containing  polar  impurities  (probably 
acid  phosphates)  preferentially  adsorb  and  subsequently  react  with  the  iron 
surface  to  form  a protective  film.  Other  studies  indicate  that  the  bulk 
tricresyl  phosphate  provides  a starting  material  for  ’■he  formation  of  acid- 
type  polar  species  from  oxidative,  thermal,  and  hydtclytic  reactions 

In  the  following  sections,  various  aspects  or  TCP  action  in  super-refined 
paraffinic  mineral  oil  will  be  examined. 

The  effect  of  fluid  purity  on  additive  response  is  illustrated  in  Table  29 
and  Figure  46.  MLO  7789A  is  the  result  of  activated  alumina  percolation  of 
MLO  7789.  As  shown  by  octadecyl  alcohol  previously,  the  purer  fluid  is  more 
responsive  to  additive  treatment.  The  wear  levels  are  lower  at  all  three 
concentrations.  No  difference  in  oil-soluble  iron  is  noted.  The  oil- 
insoluble  iron  shows  different  behavior.  For  the  untreated  oil,  there  is  no 
minimum  in  the  oi 1- insol ub le  iron  concentration.  The  percolated  fluid  shows 
a probable  minimum  at  one  percent  (wt . ) TCP.  This  can  be  explained  by  the 
competition  of  the  polar  impurities  in  the  cii  and  the  TCP  tor  preferential 
adsorption  at  the  surface.  Percolation  removed  the  impurities,  and  TCP 
without  competition  functions  much  better  and  also  shows  more  sensitivity 
towards  concentration. 

TCP  as  an  antiwear  agent,  is  not  very  effective  at  high  loads.  Its 
effective  range  lies  between  1 kg.  t about  30  kg.  in  the  a-buil  tester. 

At  40  kg.  load,  it  takes  tive  percent  TCP  to  be  effective.  At  iO  kg  , only 
0.05  percent  TCP  reduces  the  wear  50  percent.  Comparing  rhe  product  distri- 
bution of  TCP  and  DAP  (Diiauryl  Acid  Phosphate,  Table  27),  the  0.1  percent 
DAP  results  are  similar  to  thise  obtained  at  fi'.e  percent  TCP.  This  supports 
the  acid  phosphate  mechanism  proposed  by  Bieber  et  al.  (23). 

The  effects  of  bulk  tluid  temper. iture  and  atmosfjhere  lii  wear  <ire  next 
examined  with  MLO  7789A  plus  five  percent  (wt.)  TCP.  The  resul’s  ate  .--liown 
in  Table  30.  Neither  the  temperature  or  the  atmospheie  (O2  . one en 1 1 a ’ ion ) 
seem  to  affect  the  TCP  petlormance  very  much.  Ac  low  temperature  in  air, 
wear  is  relatively  high.  As  the  temperature  increase^.,  weat  level  tirst 
decreases  then  increases  slightly.  At  300  F in  air,  there  is  a noticeable 
increase  in  the  iron  oxide  formation.  This  suggests  that  the  TCP  is  losing 
effectiveness  in  terms  of  surface  adsorption  dominc.ti.n  The  hciium  .icmc.-phere 
does  not  affect  the  organome ta  1 1 1 ’ comp  und  tcrmation  This  indicates  '■h.it 
oxygen  is  not  critical  in  TCP's  mechanism. 

When  TCP  and  bct-adecyl  bromide  are  mixed  togerlier  and  test.d,  TCP 
dominates  the  wear  process.  This  is  shown  in  Table  ll  0.  t.ide.cl  bn'mide 
has  been  shown  previously  to  produce  higli  wear  .ind  lorge  im,  unt  > t vil- 
insoluble  iron  under  ttiese  iiperating  ndition,-.  The  di'.i  -ugge-’  rh.'t  TCI’ 
dominates  the  surface  adsorpt  1 m / 1 e,i  i 1 in  pi  ("-'Cs.  Ui.ii  I c '-e  1 is  l.w  .,nd 
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oil-insoluble  iron  is  also  low.  Helium  atmosphere  does  not  change  much. 
This  demonstrates  the  critical  importance  of  relative  polarity  of  dirferent 
species  in  the  base  oil.  The  most  polar  species  will  be  preferentially 
adsorbed  and  subsequently  reacted  in  spite  of  large  amounts  of  other  less 
polar  material  present. 


Additive  studies  are  generally  made  with  wear  test  equipment.  Data 
interpretation,  most  of  the  time,  is  based  on  gross  wear  which  is  easily 
measured  in  terms  of  wear  scar  diameters.  From  the  standpoint  of  chemistry 
and  taking  the  view  that  the  wearing  conjunction  is  really  a continuous 
chemical  reactor,  gross  wear  data  do  not  offer  any  indication  of  the  relative 
importance  or  extent  of  the  chemical  reactions.  This  is  more  critical  in 
additive  lubrication  research.  Additives,  by  definition,  are  chemically 
active/polar  species  such  that  a minimum  concentration  can  alter  the  chemical 
system  significantly.  The  debris  analysis  developed  in  this  study  when  used 
in  connection  with  wear  data,  offers  an  insight  into  the  chemical  changes 
chat  are  taking  place  in  the  system.  The  dramatic  reduction  in  the  amount  of 
iron  oxide  measured  when  effective  additive  concentrations  are  used  and  the 
high  concentration  of  organometal lie  compounds  resulting  from  chemical 
corrosion  pin  points  the  importance  of  chemical  reaction  in  lubiication. 


d.  The  Lubrication  Mechanism  of  Tributyl  Phosphite.  Diaikyl  and 
trialkyl  phosphites  have  been  used  as  load  carrying  additives  in  j.ubr  icants 
for  many  years.  Davey  (34)  first  studied  a large  variety  of  triaryl,  trialkyl 
and  tricyclo  phosphates  and  phosphites,  some  containing  Cl  and  some  S groups. 
He  found  that  generally  phosphites  were  superior  to  phosphates.  Recent iv, 
Eberhardt  et  al.  (35,36)  published  some  data  on  the  load  carrying  character- 
istics of  some  tr i-subst ituted  phosphites  Forbes  and  Battersby  (33)  in 
studying  the  adsorption/reaction  of  some  dialkyl  phosphites  suggested  that: 

1)  Under  antiwear  conditions,  an  ir cn-or gano-phosph i te  film  was 
formed  via  partial  hydrolysis  of  the  phosphite;  and 

2)  Under  antiscuff  conditions,  further  hydiol\si:i  occurred  so  that 
mainly  an  i ron- inor  gano-phosph  i t e film  was.  lormed. 

This  mechanism  is  illustrated  in  Figure  47,  In  arriving  at  this  merhanism, 
the  authors  had  to  eliminate  the  ox  id.)  i i vc  / t her  ma  1 degradaticn  me.hanisms. 

Hall  pointed  out  in  his  discussion  of  'he  p.iper  th.it  no  diieit  evidence  w.is 
obtained  supporting  the  far-t  th.it  iron  organo-phosiih  1 1 e film  was  toimed  in 
antiwear  region. 

The  wear  debris  analysis  developed  in  this  study  h.i.-  been  slu  wn  u bo 
effective  in  analyzing  organometa  1 1 ic  compound(s)  formatun  during  .ntiwe.ii 
region  ot  additives.  Therefore,  it  will  he  interesting  to  --tud\  the  working 
mecnanism  of  a phosphite  using  this  teihniqiie  I'libutcl  ph.sphiu,  I- I'.od  on 
Its  high  organometal  1 it  compound  formation  t.ite,  was  i.  hovi  n loi  lurthei 
scrutiny. 

To  establish  a hasi.s  for  comparison,  one  percent  iiihuicl  I'hosphit-.  iTBl’) 
in  MF.i)  7789A  (super-refined  paraftinu  white  oil  periei.itid  thiougli  .u  tic,, ted 


alumina)  was  run  in  the  GE/Brown  modified  wear  tester  at  600  r.p.m.,  167^F 
and  40  kg.  The  results  are  shown  in  Table  32.  Run  94  was  made  in  helium 
atmosphere.  In  all  runs  with  helium,  the  oil  was  first  heated  to  167’F  and 
degassed.  The  ball  pot  assembly  was  flushed  with  high  helium  flow  rate  for 
two  minutes  before  starting.  It  can  be  seen  that  oxygen  and  moisture  seem  to 
affect  the  wear  rate  and  chemical  reactions  quite  significantly. 

The  wear  scars  produced  by  tributyl  phosphite  are  highly  irregular  with 
jagged  outlines.  A hypothetical  rectangle  is  superimposed  on  the  wear  scars 
and  the  equivalent  diameter  calculated  from  the  rectangular  dimensions.  This 
may  affect  the  reproducibility  of  the  results  to  some  extent, 

The  large  amount  of  or ganometallic  iron  compound  found  in  the  wear  debris 
at  the  base  state  (Run  BAP)  supports  the  notion  that  chemical  reactions  are 
the  dominant  factor  in  TBP  lubrication.  The  questions  remaining  are: 
whether  these  reactions  are  thermal  degradation;  oxidation;  cr  hydrolysis. 
Therefore,  the  slow-sliding,  externally  temperature  controlled  wear  tests  were 
carried  out  as  a function  of  temperature.  If  the  reactions  are  thermally 
induced,  then  the  amount  of  organic-iron  should  increase  with  temperature. 

The  results  of  this  series  of  tests  are  shown  in  Table  33  and  Figures  48 
and  49.  From  167'  to  300  F,  the  tctal  crganic-iron  increases  by  a factor  of 
nine.  Then  from  300'  to  400  F,  the  organic-ircn  drcps  as  suddenly  as  it  rises 
In  fact,  both  the  oil-soluble  and  oil-insoluble  iron  exhibit  similar  behavior 
as  illustrated  in  Figure  49.  At  temperatures  cf  400'F  and  above,  a very  even, 
fine,  greyish  white  deposit  was  observed  covering  the  ball  pot  and  wear  scars. 
It  was  further  found  that  these  powder-like  deposits  were  insoluble  in  organic 
solvents  but  slightly  soluble  in  water,  Comparing  the  color  and  its  physical 
characteristics,  it  was  speculated  chat  these  may  be  P2O5  or  phosphorus  oxides 
Between  300°  and  400°F,  the  reaction  me'hanism  must  have  changed  from  organic- 
phosphorus-iron  interacticn  to  the  formation  of  phosphorus  cxides  which  are 
probably  strong  enough  to  provide  lubrication  either  by  organic-phosphorus 
compounds  or  inorganic  compounds,  the  amounts  of  iron  oxide  are  drastically 
reduced . 

The  gross  wear  as  illustrated  in  Figure  48  appears  n„r  to  be  affected  by 
the  change  in  temperature  and  lubriating  me  hanism  of  the  IBP.  The  fact 
that  both  iron  oxides  and  iron  particles  begin  to  decrease  after  300  to 
400  F suggests  that  the  inorganic  phosphorus  fii.m  is  very  eitective  in 
covering  and  protecting  the  bearing  metal  surface,  especiuiiy  in  view  of  the 
high  bulk  temperatures.  Bulk  oil  oxidation  of  hy dr ccar bens  appears  'o  have 
no  effects  on  TBP.  Considering  the  effect  ot  o tadeev  1 alc.h'  1 .n  tiie 
formation  of  organometal lie  compounds  and  the  fact  chut  large  amounts  ot 
alcohols  are  produced  according  to  the  hydrolytic  mechanism  (33),  the 
importance  of  preferential  adsorption  rea  tion  in  the  lubricaticn  avstem 
becomes  paramount. 

Since  the  temperature  at  the  junction  is  directly  related  t.  the  sliding 
speed  and  friction  level,  the  change  ot  mechanism  ohrer'td  in  the  slow-sliding 
externally  controlled  temperature  seiies  can  be  demens 1 1 .1  ted  b>  the  . hungc  of 
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speed  at  normal  loading.  Table  34  presents  such  data.  The  wear  rate  seems 
to  fluctuate  about  the  result  of  the  800  t.p.m.  run  as  illustrated  in  Figure  50 
Very  little  oil-soluble  organic-iron  can  be  found.  This  is  reasonable.  In 
the  slow-sliding  runs,  the  bulk  oil  is  subjected  to  a high  temperature.  A 
large  amount  of  alcohol  can  form,  which  in  turn  can  react  with  ircn  forming 
oil-soluble  organic-iron.  In  this  series,  only  a small  amount  of  oil  is 
subjected  to  high  temperature  in  an  oxygen-limited  environment  and  very  little 
alcohol  or  similar  polar  species  is  formed.  Thus  small  amounts  of  oil-soluble 
organic-iron  are  found.  The  oil-insoluble  iron,  as  illustrated  in  Figure  51, 
reaches  a maximum  at  600  r.p.m.  After  600  r.p.m,,  the  level  ot  organic-iron 
falls  to  about  1/4  of  the  600  r.p.m.  level.  At  2000  r.p.m.,  there  appears  to 
be  an  increase  in  the  formation  rate  of  the  organic-iron 

The  amount  of  iron  particles  exhibits  a ccntinucus  increase  with  speed. 
This  is  different  from  the  observed  trend  in  the  temperature  dependent  series. 
Iron  oxides,  on  the  other  hand,  do  exhibit  similar  behavior  with  speed  and 
with  bulk  temperature,  i.e.,  decreasing  amounts  with  speed  alter  an  initial 
increase . 


The  observed  behavior  of  the  product  distribution  suggests  that  although 
similar  characteristics  can  be  found  between  the  temperature  series  and  the 
speed  series,  there  are  seme  differences.  The  pyridine-soluble  iron  and  iron 
oxide  formation  rates  suggest  that  the  transition  temperature  of  300'  to  400“F 
is  reached  between  600  and  800  r.p.m,  For  800  and  1000  r.p  m.  runs,  probably 
the  inorganic  film  is  protecting  the  metal  surface.  At  1500  and  2000  r.p.m., 
the  speed  is  high,  and  the  resulting  high  temperatures  in  an  oxygen- limited 
system  probably  induce  other  chemical  reactions  tc  become  contributing. 

Similar  behavior  in  the  base  oil  is  also  observed  when  black  carbides  are 
formed  instead  ot  organometallic  compounds  under  similar  conditions 


The  continuous  rise  in  iron  particles  may  be  explained  as  follows.  In 
the  slow-sliding,  temperature  varying  series,  the  shear  stresses  -ate  low 
compared  with  the  600  t.p.m.  or  higher  speeds.  The  inorganic  phosphorus 
oxides  are  strong  enough  to  withstand  the  low  sliding  shear  at  2-9  r.p.m. 

As  the  shear  stress  is  increased  hundred=-told  by  in.:r€asing  tlie  speed,  the 
inorganic  film  breaks  down  under  the  tremendous  stresses  pr.viuing  ssperitv- 
asperity  contact.  This  results  in  high  surface  contacr  rate,  higlr  amounts 
of  iron  particles,  and  subsequently  higher  temperatures.  I he  high  temperatures 
at  the  same  time  accelerate  the  reaction  rate  to  pr.du^e  more  phosphorus 
oxides  which  in  turn,  when  they  rea'rh  the  critical  film  thicknes',  are  slieaied 
away.  This  kind  of  sacrificial  oxide  lubrication  me.h-inism  has  been  prop.-sed 
for  the  air- i ron-sys tem  (dry  sliding).  In  this  case,  rhe  cxidc  is  not  the 
iron  oxide  but  rather  the  phosphorus  oxide  which  c.  mes  ir.m  me  ..dditive 


One  interesting  point 
seems  to  be  very  sensitive 
that  the  formation  rate  of 
sensitive  to  temperature, 
lively  correct  (Forbes  and 
to  the  hydrolytic  mech-anism 
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the  temperature  must  be  high  enough  so  that  the  reaction  can  proceed  at  a 
sufficient  rate  to  generate  enough  products  to  protect  the  surface.  This  may 
partially  explain  the  various  wear  rates  observed  at  different  speeds. 

Changing  the  load  at  a constant  speed  varies  the  shear  stresses  and  the 
contact  pressure  which  in  turn  affect  the  friction  and  contact  temperatures. 

In  the  preceding  sections,  some  definite  trends  have  been  established.  If 
the  trends  observed  are  real,  then  the  same  behavior  will  be  observed  In 
changing  the  load.  The  precision  of  these  wear  tests  and  their  subsequent 
debris  analysis,  as  explained  before,  has  some  built-in  difficulties.  However, 
if  a trend  manifests  Itself  in  several  different  experiments,  the  trend  may 
be  real. 

The  effect  of  varying  load  at  a fixed  speed  of  600  r.p.m.  on  wear  and 
its  product  distribution  Is  shown  in  Table  35  and  Figures  52  and  53.  The  gross 
wear  as  Illustrated  in  Figure  52  indicates  a transition  load  between  90  and 
120  kg.  This  is  an  increase  over  the  base  fluid  which  under  similar 
conditions,  has  a transition  load  of  between  75  and  90  kg  The  higher  load 
carrrylng  characteristics  of  TBP  Illustrate  its  principal  use  in  industrial 
application. 

The  oil-soluble  organic-iron,  again  as  In  the  previous  case,  shows 
insignificant  formation  rate.  The  oil-insoluble  iron,  as  illustrated  in 
Figure  53,  shows  a decreasing  trend  as  load  Increases.  This  is  completely 
opposite  the  trend  observed  in  the  base  fluid,  but  agrees  quite  well  with  the 
observed  trend  in  the  speed  and  slow-sliding  series  conducted  with  one  percent 
TBP.  As  temperature  increases  with  the  lead,  the  inorganic  phosphorus  oxide 
formation  rate  increases.  At  increasing  load,  the  amount  of  additives  and 
the  base  oil  with  its  water  and  oxygen  content  also  decreases.  Finally  at 
120  kg,  the  wear  rate  abruptly  increases  about  10  fold.  At  that  point,  the 
amount  of  iron  particles  from  rubbing  also  increases  by  16  times  indicating 
the  ineffectiveness  of  antiwear  protection  of  TBP  at  those  conditions.  When 
compared  with  the  base  fluid,  at  the  same  conditions,  the  wear  scar  diameter 
is  about  1.1  mm  compared  with  1.85  mm  in  TBP's  case.  This  suggests  that  the 
sacrificial  antiscuff  action  of  TBP  is  functioning  by  forming  inorganic 
phosphorus  "oxides."  The  formation  of  these  "oxides"  has  shown  a strong 
dependence  on  temperature.  One  reasonable  speculation  would  be  that  under  a 
temperature  range  of  75‘  to  350'F,  the  TBP  functions  as  an  antiwear  agent 
primarily  by  forming  organometal lie  phosphorus-containing  reaction  product 
with  iron  via  hydrolysis  which  is  quite  sensitive  to  temperature  in  terms  of 
reaction  rate.  From  350°F  and  above,  the  competing/ complementing  rea'tlons 
of  forming  phosphorus  "oxides"  begin  to  dominate.  While  this  Inorganic  film 
is  capable  of  antiwear  action  under  certain  mild  conditions,  its  principal 
advantage  is  scuff-preventing  under  extreme  pressures  and  temperatures. 

The  trend  in  iron  oxide  and  iron  particles  is  consistent  with  the  previous 
observation  and  the  hypothesis  proposed  above.  There  is  a continuous  rise  in 
the  amount  of  iron  particles  formed  as  the  load  increases  indicating  increasing 
surface  contacts.  The  iron  oxide  goes  through  a maximum  and  rises  again  at 
120  kg.  From  the  data  presented  in  Table  35,  it  appears  that  40  kg  load  is 
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in  the  transition  load  range  where  one  mechanism  is  competing  against  the 
other.  This  partially  explains  the  fact  that  the  chemical  data  obtained  at 
this  load  appear  to  have  a far  greater  inconsistency  than  the  rest  of  the 
data.  The  decrease  in  iron  oxide  formation  can  be  due  to  either  the 
insufficient  supply  of  oxygen  or  the  protective  action  of  the  phosphorus 
"oxide"  film.  From  the  data  at  120  kg,  805  pg  of  iron  oxide  was  formed. 
Therefore,  there  must  be  enough  oxygen  around  at  a less  severe  case.  The 
protective  action  of  the  inorganic  phosphorus  film  is  more  reasonable. 

In  studying  the  lubrication  mechanism  of  trlbutyl  phosphite  (TBP),  the 
technique  that  was  used  so  successfully  in  the  mineral  oil  study  fails  to 
reveal  the  junction  temperature  by  chemical  conversions.  This  points  to  one 
limitation  of  the  method,  l.e.,  the  ability  of  the  extracting  solvent  to 
dissolve  the  reaction  products.  On  the  other  hand,  because  of  this  particular 
solubility  situation,  one  is  able  to  demonstrate  dramatically  the  transition 
of  the  TBP  lubrication  mechanism  from  organic  phosphites  to  Inorganic 
phosphorus  film.  There  are  strong  indications  that  this  transition  is  induced 
by  temperature.  Oxygen  concentration  appears  to  be  playing  a role,  too. 

The  lubrication  mechanism  of  phosphites  from  the  data  obtained  in  this 
study  and  the  work  by  Forbes  and  Battersby  (33)  may  be  postulated  as  follows: 

1)  In  the  low  to  moderate  temperature  region,  75“  to  350'F,  trlbutyl 
phosphite  functions  as  an  antiwear  agent  reacting  with  oxygen  and 
water  to  give  organic  iron-phosphorus  compounds.  The  reaction 
takes  place  at  the  lubricating  contacts  which  indicates  that  TBP 
is  preferentially  adsorbed  on  the  metal  surface. 

Supporting  evidence: 

a.  The  formation  of  the  organic-iron  compounds  in  the  slow- 
sliding,  externally-controlled  temperature  wear  tests 
Indicates  the  presence  of  organometalllc  compounds 

b.  The  strong  dependence  of  the  formation  rate  of  these 
compounds  on  temperature  suggests  that  the  reactions  are 
thermally  controlled. 

c.  The  maximum  in  the  oil-insoluble  organic-iron  formation 
at  about  300'F  reinforces  b. 

d.  The  high  formation  rate  of  oil-soluble  organic-iron  in 
the  slow-sliding  experiments  indicates  the  presence  of 
polar  reaction  products. 

e.  Forbes  and  Battersby  identified  a large  amount  of  alcohol 
formed  during  their  static  adsorption/ react  ion  experiments 
with  dlbutyl  phosphite  with  iron. 

2)  At  high  temperatures  (above  350“F),  TBP  functions  as  an  antiscutf 
agent  by  forming  an  Inorganic  phosphorus  "oxides"  film  for 
sacrificial  lubrication 
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Supporting  evidence: 


a.  The  formation  of  a greyish  whlte/brown  coating  on  the 
ball-pot  assembly  in  the  slow-sliding  wear  tests  above 
300°F  indicates  a change  in  lubrication  mechanism. 

b.  This  coating  is  Insoluble  in  acetone,  pyridine,  benzene, 
xylene,  naphtha,  alcohol  but  is  slightly  soluble  in 
water.  This  suggests  the  coating  is  inorganic  in  nature. 

c.  The  decreasing  trend  of  the  or ganometallic  formation  in 
both  the  slow-sliding  wear  tests  (after  300°F);  the  load 
varying  rests  (after  21  kg);  the  speed  varying  series 
(after  600  r.p.m. ) point  to  the  fact  that  organometallic 
compounds  are  not  being  formed  as  the  environment  gets 
more  severe,  i.e.,  higher  temperatures. 

d.  The  corresponding  decreasing  trend  for  iron  observed  for 
iron  oxide  and  increasing  trend  for  iron  in  the  above 
tests  support  the  idea  that  the  surface  is  being  protected 
from  oxygen  attack  by  the  phosphorus  containing  inorganic 
film. 

e.  The  load  carrying  capacity  of  the  oil  is  increased  by  the 
addition  of  TBP  after  c and  d have  taken  place.  This 
shows  the  inorganic  film  observed  is  working  as  an  antiscuff 
agent. 


WEAR  PRODUCT  AKALYSIS  AS  A FUNCTION  OF  LOAD 
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FIGURE  26.  MEAN  WEAR  SCAR  DIAMETER  AS  A FUNCTION  OF  LOAD 
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FIGURE  30.  IRON  PARTICLES  AS  A FUNCTION  OF  LOAD 


THE  EFFECT  OF  OCTADECYL  ALCOHOL  CONCENTRATION  ON  WEAR  PRODUCT  COMPOSITION 
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flGURE  36.  ORGANOMETALLIC  IRON  FORMATION  AS  A FUNCTION  OF  OCTADECYL  ALCOHOL  CONCENTRATION. 
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FIGURE  37 „ WEAR  AS  A FUNCTION  OF  OCTADECYL  ALCOHOL  CONCENTRATION. 


THE  EFFECT  OF  BASE  FLUID  PURITY  ON  ADDITIVE  RESPONSE 
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Insoluble  Organic 
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FIGURE  39.  EFFECT  OF  AROMATIC  COMPONENTS  ON  WEAR 
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EFFECT  OF  FLUID  PURITY  AND  ITS  RESPONSE  TO  TRICRESYL  PHOSPHATE  (TCP) 
CONCENTRATION  ON  WEAR  AND  ITS  PRODUCTS 
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FIGURE  47.  LUBRICATION  MECHANISM  OF  DIALKYI,  FHOSPHITES  AS 
PROPOSED  BY  FORBES  AND  BATTERSBY  ( H) 
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FIGURE  48.  EFFECT  OF  TEMPERATURE  ON  WEAR,  1.0  WT;^ 
TRIBUTYL  PHOSPHITE  AT  SLOW  SPEED. 
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FIGURE  49.  EFFECT  OF  TEMPERATURE  ON  WFJ\R  PRODUCT  DISTRIBUTION, 
1.0  WT%  TRIBUTYU  PHOSPHITE  AT  SLOW  SLIDING. 
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WEAR  PRODUCT  DISTRIBUTION  AS  A FUNCTION  OF  LOAD 
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FIGURE  52.  EFFECT  OF  LOAD  ON  WEAR,  1.0  WT%  TRIBUTYL 
PHOSPHITE. 
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FIGURE  53.  EFFECT  OF  LOAD  ON  WEAR  PRODUCT  FORMATION 
1.0  WT%  TRIBUTYL  PHOSPHITE. 
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CONCLUSIONS 


A 40-microllter  oxidation  test  has  been  developed.  A suitable  method 
for  the  analysis  of  the  products  using  a dual  detector  (UV  and  RI ) gel 
permeation  chromatograph  (GPC)  has  been  devised.  It  is  possible  to  determine 
stable  life  data  as  well  as  base  stock  and  additive  degradation  data  using 
test  times  ranging  from  one  minute  to  two  hours.  In  addition,  the  test  is 
conducted  using  a very  small  amount  of  sample.  The  use  of  the  40-microliter 
test  with  GPC  analysis  provides  a method  of  evaluating  the  additive  and  base 
stock  degradation  rates  separately  at  any  particular  stage  of  use  in  an 
aircraft  gas  turbine  system  or  a simulated  duty  cycle  in  oxidation  test 
equipment.  The  catalytic  effect  of  various  metals  of  construction  in  aircraft 
gas  turbine  systems  can  be  determined  using  this  microtest 

Modeling  of  the  porous  medium  represented  the  major  problem  in  the  study 
of  flow  in  thin  films.  The  cellulose  filters  used  in  the  majority  of  the 
experimental  runs  are  relatively  uniform  in  physical  characteristics  and 
consist  of  pores  of  essentially  circular  cross  section.  Expressing  the 
reduction  in  fluid  flow  rate  as  an  effective  film  thickness  appears  to  be  a 
valid  basis  for  modeling  the  phenomena  observed. 

Two  relationships  between  effective  film  thickness  and  mean  pore 
diameter  exist.  In  the  first  case,  the  film  appears  to  be  monolayer  adsorption 
of  the  additive  at  the  liquid-solid  Interface.  In  the  second,  the  film 
appears  to  increase  in  thickness  as  the  mean  pore  diameter  increases. 

Dimer  acid  and  the  n-octyl  polymethacrylates  form  films  of  constant 
thickness  which  do  not  appear  to  depend  upon  mean  pore  diameter  of  the 
filter  oi  the  base  fluid  viscosity.  These  films  appear  to  result  from  the 
simple  monolayer  adsorption  of  the  additive  on  the  pore  surface. 

On  the  other  hand,  films  formed  by  the  resins,  barium  sulfonate  and 
uieic  acid,  appear  to  increase  in  effective  thickness  as  the  mean  pore 
diameter  increases.  This  relationship  is  linear  for  a heavy  resin  This 
film  appears  to  be  the  result  of  a viscous  sublayer  formed  near  the  solid 
surface.  The  viscosity  properties  of  this  film  cannot  be  ascertained  from 
this  work. 

The  difference  between  the  two  groups  ot  additives  might  be  expected  in 
light  of  results  from  other  work. 

Dibasic  acids  are  believed  to  form  thin  layers,  possibly  monolayer,  that 
do  not  decrease  in  their  effectiveness  of  friction  reduction  as  tlie  shear 
rates  increase.  Dimer  acid  was  found  to  behave  In  the  same  manner  in  the 
cellulose  filter.  Over  the  range  of  shear  rates  of  50  to  500  per  second, 
dimer  acid  formed  a constant  15  Angstrom  thick  film. 

Adsorption  studies  indicate  essentially  monolayer  adsorption  tor  polymers 
with  the  thickness  of  the  polymer  layer  varying  approximately  as  the  square 
root  of  the  molecular  weight.  In  the  case  of  n-octyi  polymethacry late-25  and 
n-octyl  polymethacry late- 55,  this  behavior  was  found  to  be  true. 


Organic  acids,  on  the  other  hand,  are  relatively  ineffective  at  reducing 
triction  at  temperatures  above  their  melting  point.  Oleic  acid  is  also  some- 
what corrosive.  Its  effective  film  thickness  varied  from  less  than  a mono- 
layer  to  over  two  over  the  range  of  diameters  studied.  The  resins  and 
Atryloids,  like  oleic  acid,  have  polar  groups — acids  or  amines — that  are 
readily  accessible  to  groups  on  neighboring  molecules.  These  additives 
exhibited  effective  film  thicknesses  that  were  larger  than  monolayer  and 
generally  increased  as  pore  diameter  increased.  Stearic  acid  solutions  below 
the  melting  point  of  stearic  acid  were  found  to  provide  relatively  thick 
films  on  the  order  of  1500  Angstroms.  Above  the  melting  point,  the  effective- 
ness as  a boundary  lubricant  decreased.  In  this  study,  stearic  acid  completely 
blocked  flow  through  a 0.45  micron  filter  at  100  degrees  Fahrenheit,  yet 
flowed  freely  in  a 0.1  micron  filter  at  elevated  temperatures.  This  type  of 
behavior  would  be  expected  in  light  of  adsorption  studies  where  multilayer 
adsorption  was  found  as  the  solubility  limit  was  approached.  The  Acryloids 
effectively  blocked  the  pores  of  an  0.45  micron  filter.  The  structures  formed 
by  the  Acryloids  were  much  greater  than  a monolayer  in  thickness. 

There  are  indications  that  additives  may  Interfere  with  each  other. 

That  is,  dispersing  agents  or  antioxidants  may  interfere  with  the  action  of 
lubricity  or  antiwear  agents.  In  the  case  of  a dispersing  agent  and  a heavy 
resin,  there  was  a definite  decrease  in  the  effective  film  thickness  for  the 
combination  of  a barium  sulfonated  hydrocarbon  (PRL  3530)  and  a heavy  resin 
(MLO  7779)  as  compared  with  the  heavy  resin  alone.  In  addition,  dl-2-ethyl- 
hexyl  sebacate  exhibited  an  effective  viscosity  increase  over  a nonpolar 
fluid  in  these  filters.  Oxidation  products  in  the  base  fluid  interfere 
similarly  with  the  fluid  flow  In  these  cellulose  filters. 

Several  tests  with  metal  filters  indicate  that  the  cellulose  filters 
behave  in  an  equivalent  manner.  The  cellulose  filters  have  several  advantages 
over  the  metal  filters.  In  addition  to  being  less  costly,  the  cellulose 
t liters  provide  a clean  surface  for  adsorption,  narrow  pore  size  distributions, 
and  pores  that  are  nearly  circular  in  cross  section.  Unfortunately,  the 
filters  are  crushed  under  relatively  low  pressure  drops,  severely  limiting 
the  shear  rates  that  can  be  studied. 

An  experimental  technique  has  been  developed  to  study  the  lubricotion 
mechanism  of  oils.  The  method  employs  a Four-Ball  Wear  Tester,  and  the  we.n 
debris  are  subsequently  analyzed  with  solvent  extractions  and  atomiL  obsorpti.n 
spectroscopy.  It  offers  insight  into  the  chemical /mechanl ca 1 interactions 
and  pin  points  the  critical  role  chemical  reactions  play  in  boundary  lubri- 
cat ion . 

The  formation  of  the  oil-soluble  organometa 1 1 Ic  iron  compounds  is 
heavily  influenced  by  the  alcohol  and  the  aromatic  functional  groups.  Ihe 
formation  of  the  oil-insoluble  organometa 1 1 ic  iron  compounds  depend-  on  the 
reactivity  of  the  active  functional  groups,  e.g.,  octadecyl  bioiiiide  and 
stearic  acid.  It  could  be  that  the  natuie  of  the  bonding  <md  the  densitv  ot 
the  reacted  molecules  determine  the  film  strength  which  in  turn,  controls 
the  lubrication  and  wear. 
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Aromatics  when  mixed  with  paraffinic  base  stocks  seem  to  have  Increased 
reactivity  towards  the  iron  surface  as  evidenced  by  the  higher  oil-insoluble 
iron  generation  than  either  of  its  components.  Pure  aromatics  are  more 
active  chemically  and  more  effective  in  wear  reduction  than  are  paraffins. 

Stearic  acid  is  a very  effective  antiwear  agent.  There  is  a saturation 
concentration  above  which  further  addition  of  the  acid  does  ri.  produce 
additional  wear  reduction. 

The  similarity  of  the  chemical  wear  product  distribution  lietween  the 
ZDP  (zinc  dialkyldithiophosphate) , TCP  (tricresyl  phosphate i , and  the  acid 
phosphate  suggests  that  the  acidic,  phosphorus-containing  impurities  may  be 
the  effective  antiwear  agent. 

Mixed  additive  studies  indicate  that  depending  on  iv^lative  polarity  and 
reactivity,  one  additive  may  blank  other  additives  out  of  action.  It 
Illustrates  the  importance  of  preferential  adsorption  in  lubric..tlon 
processes.  Oxygen  does  not  seem  to  affect  the  working  mechanism  of  the 
phosphorus-containing  additives  studied  in  this  work.  Sensitivity  to 
additive  concentration  in  terms  of  wear  and  organomecall ic  compound  formation 
suggests  that  there  are  multiple  Impurities/base  stock  interaction  and 
competition  for  active  sites  at  the  metal  surface. 

The  phosphite  exhibits  a different  chemical  mechanism  than  the  phosphates 
studied  in  this  work.  A lubrication  mechanism  for  tributyl  phosphites  has 
been  proposed. 

Temperature  at  the  Junction  has  been  demonstrated  to  be  the  critical 
parameter  in  boundary  lubrication.  Mathematical  models  of  wear,  to  be 
successful,  have  to  recognize  that  temperature  and  chemical  reaction  rates 
are  the  critical  parameters. 
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EVALUATION  OF  WEAR  PRODUCTS  PRODUCED  BY 
SOME  CHEMICAL  REACTIONS  IN  BOUNDARY  LUBRICATION 

A.  C.  Bose^^\  E.  E.  Klaus^^\  and  L.  J.  Tewksbury  ^ 


j 

ABSTRACT 


Previous  studies  of  boundary  lubrication  with  hydrocarbon-type  lubricants  ■ 

and  other  "nonreactive"  lubricants  have  identified  the  role  of  dissolved 

oxygen  and  water  in  the  chemical  reactions  at  the  bearing  surface.  Additional  i 

studies  with  hydrocarbon- type  lubricants  and  steel  bearing  surfaces  have  been 

used  to  show  reaction  products  between  constituents  of  the  liquid  lubricant 

and  the  metal  bearing  surface  as  well  as  between  dissolved  oxygen  and  the 

bearing  surface.  The  test  methods  and  analytical  techniques  necessary  to  show 

these  small  quantities  of  reaction  products  are  also  described. 


Introduction.  Boundary  lubrication  and/or  thin  film  elastohydrodynamic  ] 

lubrication  have  become  increasingly  important  in  recent  years  due  to  the  i 

general  increase  in  bearing  temperatures  and  loadings.  Measured  bearing  j 

surface  temperatures  and  temperatures  in  the  oil  film  in  the  conjunction  are  | 

sufficiently  high  to  promote  chemical  reactions  (1).  In  fact  the  work  of 
Larsen  and  Perry  (2)  suggested  a large  number  of  possible  reactions  that  can 
take  place  under  boundary  lubrication  conditions.  The  boundary  lubrication 
process  comprises  these  reactions  that  take  place  among  the  lubricant  components 
or  between  the  lubricant  components  and  the  metal  bearing  surface.  It  has 
been  shown  for  saturated  hydrocarbon  lubricants  (nonreactive  lubricants)  that 
dissolved  oxygen,  from  the  air  above  the  lubricant,  is  an  effective  lubrication 
additive  (3).  It  has  also  been  demonstrated  that  the  addition  of  an  effective 
lubricity  additive  such  as  an  alkyl  acid  phosphate  will  dominate  the  apparent 
chemical  activity  between  the  lubricant  and  the  bearing  surface  (<4). 


^^^Chemlcal  Engineer,  Hooker  Chemical  Corp.,  Niagara  Falls,  New  York  1A302 

(2) 

Professor  of  Chemical  Engineering  in  the  Department  of  Chemical  Engineering, 
College  of  Englneer'ng,  The  Pennsylvania  State  University,  University  Park, 
Pennsylvania  16802. 

(3) 

Associate  Professor  of  Chemical  Engineering  in  the  Department  of  Chemical 
Engineering,  College  of  Engineering,  The  Pennsylvania  State  University, 
University  Park,  Pennsylvania  16802. 
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Microcorrosion  studies  have  been  used  to  relate  temperature  and  fluid 
composition  to  the  reactions  that  occur  between  a fluid  and  a metal  or  metal 
oxide  surface  (5).  These  studies  have  demonstrated  a temperature  sensitive 
reaction  sequence  that  produces  organometallic  compounds  which  progress  from 
a relatively  simple  reaction  product,  which  in  many  cases  appears  to  be 
soluble  in  the  test  fluid,  to  a sludge  or  varnish  similar  to  wear  debris 
described  as  "friction  polymer"  (6).  This  study  uses  the  four-ball  wear 
tester  to  provide  the  boundary  lubrication  conditions  to  produce  the  surface 
chemical  reactions.  The  analytical  techniques  developed  to  look  at  the 
organometallic  products  formed  in  corrosion  have  been  adapted  to  the  measure- 
ment of  the  relative  amounts  of  organometallic,  metal  oxide  and  metal  wear 
particles  produced  in  the  boundary  lubrication  process  (7). 

Test  Procedure.  The  wear  tests  were  conducted  with  a four-ball  wear 
tester  modified  to  provide  a controlled  atmosphere  over  the  system.  The 
tests  were  conducted  in  accordance  with  conventional  test  procedures.  The 
preparation  of  the  tester  and  the  treatment  of  the  wear  debris  after  the  test 
comprise  the  principal  areas  of  Interest.  Prior  to  this  test  program,  all 
the  parts  of  the  tester  that  come  in  contact  with  the  test  fluid  and  the  vapor 
space  above  the  fluid  are  cleaned  with  solvents  and  abrasives  until  no  further 
material  containing  iron  can  be  detected  in  the  hot  pyridine  wash  used  to 
clean  the  test  system.  Pyridine  is  used  in  the  test  program  to  dissolve 
sludge  and  varnish  produced  in  the  tests.  The  pyridine  solution  is  then 
evaluated  for  iron  content  using  atomic  absorption  spectrometry. 

Following  a test  in  the  four-ball  wear  tester  the  used  fluid  and  the 
system  parts  are  subjected  to  a special  procedure  to  determine  the  oil 
soluble  metal-containing  compounds,  the  metal  content  in  the  sludge  and 
varnish  deposits  soluble  in  pyridine,  and  the  metallic  and  metal  oxide 
particles  resulting  from  the  wear  process.  A flow  plan  for  this  procedure  is 
shown  in  Table  A.l.  The  first  step  in  the  separation  of  the  wear  products  is 
the  filtration  of  the  liquid  residue  from  the  four-ball  wear  test  through  a 
0.45  micron  porosity  filter  that  is  resistant  to  hydrocarbon  solvents  but 
soluble  in  pyridine.  The  wear  debris  from  the  test  system  is  washed  onto  the 
filter  with  petroleum  naphtha,  and  the  filtrate  is  used  for  the  determination 
of  oil  soluble  iron  compounds.  The  filter  paper,  after  the  thorough  wash 
with  petroleum  naphtha  (220°F  endpoint),  is  dried  in  a convection  oven  at  200"F 
and  allowed  to  cool  in  a dessicator.  The  paper  was  previously  tared  in  a 
similar  manner.  The  weight  gain  of  the  filter  is  considered  to  be  the  total 
of  the  metal  and  metal  oxide  particles  as  well  as  the  organic  and  otgano- 
metallic  insolubles.  The  total  weight  is  determined  to  ± 2 micrograms.  The 
organic  debris  is  determined  as  the  difference  between  the  total  weight  and 
the  metal  found  in  the  analysis. 

The  pyridine-soluble  organometallic  material  and  organic  sludge  is  then 
separated  from  the  metal  and  metal  oxides  which  are  not  soluble  in  pyridine. 
Twenty  milliliters  of  pyridine  is  used  to  wash  the  ball  and  ball  pot.  This 
pyridine  is  then  used  as  a hot  solvent  for  the  filter  paper  containing  the 
total  insoluble  wear  debris.  The  pyridine  solution  is  then  filtered  through 
a filter  system  Insoluble  In  pyridine.  Additional  pyridine  is  used  as  the 
wash  for  the  filter  paper.  This  pyridine  solution  represents  the  soluble 
organometallics  from  the  oil  Insoluble  sludge. 
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The  solid  residue  is  assumed  to  be  primarily  metal  and  metal  oxide 
particles.  The  iron  oxide  is  removed  from  the  iron  in  this  procedure  by  a 
four  normal  HCl  solution  containing  an  acridine  pickling  inhibitor.  The 
integrity  of  this  separation  was  evaluated  with  known  Iron-Iron  oxide  mixtures 
and  the  use  of  nitric  acid  to  dissolve  the  iron  without  affecting  the  iron 
oxide.  The  final  Iron  particles  were  dissolved  in  excess  acid  solution 

The  oil-naphtha  solution,  the  pyrldine-organometaiiic  solution  and  the 
two  aqueous  acid  solutions  were  then  evaluated  for  iron  content  in  the  atomic 
absorption  spectrograph.  Iron  concentrations  to  less  than  0. 1 part  per 
million  can  be  measured  in  this  unit.  In  all  cases  the  analysis  was  made  by 
comparing  solutions  of  known  metal  concentrations  with  solutions  containing 
the  same  solvents  and  at  the  same  viscosity  level.  Tests  on  the  four-ball 
wear  tester  that  show  good  repeatability  in  wear  values  generally  exhibit 
repeatability  in  metal  distribution  in  the  products  of  ± 10  percent 


Test  Fluids.  The  test  fluids  used  in  this  study  include  di-2-ethy Ihexyl 
sebacate  and  two  super-refined  mineral  oils.  The  di-2-ethy Ihexyl  sebacate 
used  is  a high  quality,  lubricant  grade  ester.  This  material  shows  excellent 
trlcresyl  phosphate  response  for  lubrication  improvement.  Tricresyl  phosphate 
response  has  been  used  to  demonstrate  the  quality  of  the  ester  in  terms  of 
the  low  level  of  polar  impurities  present.  The  two  super-refined  mineral 
oils  used  are  completely  saturated  white  oils  which  contain  no  appreciable 
quantities  of  sulfur,  nitrogen  or  oxygen  in  the  form  of  polar  Impurities. 
Saturated  hydrocarbons  of  this  type  show  a strong  response  to  dissolved  oxygen 
as  a lubricity  additive.  Super-refined  mineral  oil  MLO  7789  has  a 100°F 
viscosity  level  of  13  centlstokes  which  is  designed  to  match  the  lOO'F 
viscosity  of  the  di-2-ethy Ihexy 1 sebacate  The  MLO  7625  super-refined  mineral 
oil  has  a viscosity  of  75  centlstokes  at  lOO'^F.  The  two  mineral  oils  differ 
in  viscosity  and  molecular  weight  but  contain  the  same  type  saturated  hydro- 
carbon molecules.  These  two  mineral  oils  were  chosen  to  demonstrate  the  same 
chemical  reactions  in  boundary  lubrication  and  at  the  .same  time  to  provide 
different  film  thicknesses  under  elastohydrcdynamlc  lubrication  conditions. 

Results  and  Discussion.  A series  of  experiments  was  conducted  with 
super-refined  mineral  oil  MLO  7789  (13  centlstokes  at  lOO'F)  to  evaluate  the 
role  of  oxygen  in  the  fluid.  The  dissolved  oxygen  content  was  controlled  by 
the  atmosphere  above  the  test  fluid  during  the  wear  process.  The  data  tor 
these  tests  are  shown  on  Table  A. 2.  The  oxygen  concentration  in  the  test 
fluid  is  estimated  to  be  40  ppm  by  weight  in  the  tests  under  air  (8),  0.5  ppm 
for  the  tests  with  nitrogen  and  less  than  0. i ppm  for  the  tests  under  argon. 
The  wear  level  indicates  approximately  equal  severity  tor  the  three  test 
conditions.  The  material  balance  for  metals  was  compared  by  metal  weight  loss 
from  the  balls  as  well  as  total  analysis  of  the  fractions  of  the  wear  debris 
and  test  fluid  under  atomic  absorption  spec trographic  techniques.  The 
excellent  correlation  between  these  two  test  systems  Is  typical  of  the 
demonstrated  analytical  capability  of  this  method  of  debris  analysis. 

The  organic  portion  of  the  Insoluble  wear  debris  ranges  from  77  to  85 
percent  of  the  total  in  these  three  tests.  The  high  percentage  of  organic 
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constituents  is  typical  for  scuffing  wear  on  the  four-ball  wear  tester.  The 
indications  are  that  the  environment  in  the  wear  conjunction  favors  chemical 
reactions  even  when  oxygen  and  polar  constituents  in  the  lubricant  are  at  low 
concentrations.  The  results  of  the  analysis  for  iron  reacted  with  the  lubri- 
cant can  be  compared  with  results  from  corrosion  studies  at  moderate  tempera- 
tures. The  corrosion  studies  (5)  show  the  formation  of  oil  soluble  organo- 
metallic  compounds  under  mild  conditions  which  upon  further  reaction  become 
oil  insoluble.  More  severe  conditions  tend  to  produce  the  oil  insoluble 
(pyridine  soluble)  organometallic  compounds  more  rapidly.  The  presence  of 
pyridine  soluble  but  no  oil  soluble  organometallic  compounds  may  reflect  the 
severity  of  the  environment  in  which  these  products  are  formed.  Recent  studies 
suggest  that  elastohydrodynamlc  film  temperatures  are  of  the  order  of  650®? 

(1)  and  there  is  evidence  of  higher  temperatures  in  boundary  lubrication  in 
four-ball  wear  testers. 

These  data  do  show  a sensitivity  to  oxygen  concentration  in  both  iron 
oxide  and  organometallic  formation.  It  has  been  suggested  that  the  effect  of 
oxygen  in  nonreactlve  lubricants  is  that  of  lubricity  additive.  It  has  been 
shown  that  oxygen  diffusion  in  some  studies  can  provide  the  necessary  oxygen 
at  the  metal  surface  to  provide  an  iron  oxide  film  (9,10).  The  data  on 
Table  A. 2 suggest  that  the  Interaction  of  the  liquid  lubricant  with  the  oxygen 
and  the  metal  surface  may  play  a critical  role  in  the  wear  process.  While 
all  of  the  debris  systems  containing  metal  respond  to  the  concentration  of 
oxygen  dissolved  in  the  fluid,  the  largest  response  is  in  the  formation  of 
organometallic  material.  This  product  would  appear  to  be  related  to  corrosive 
wear. 


The  effect  of  oxidation  inhibitors  on  the  chemical  reactions  in  the 
bearing  conjunction  has  been  evaluated  for  two  super-refined  mineral  oils  and 
di-2-ethy Ihexyl  sebacate  as  shown  in  Table  A. 3.  The  wear  tests  were  conducted 
at  40  kilograms  to  provide  severe  boundary  conditions  and  an  appreciable  wear 
scar.  For  these  tests  the  iron  and  iron  oxide  in  the  wear  debris  were  analyzed 
as  a single  measurement.  In  all  three  cases  the  amount  of  organic  and  crgano- 
metallic  debris  is  substantially  reduced  by  the  addition  of  the  oxidation 
inhibitor  (Table  A. 4).  The  reduction  of  chemical  activity  by  the  oxidation 
inhibitor  in  the  super-refined  mineral  oils  also  appears  to  reduce  the  total 
amount  of  iron  Involved  in  total  wear  debris.  In  fact  the  reduction  in 
reactivity  in  the  formation  of  all  wear  debris  by  the  use  of  an  oxidation 
inhibitor  appears  to  be  parallel  to  the  effect  of  lowering  oxygen  availability 
for  the  uninhibited  fluid  shown  in  Table  A. 2.  These  data  indicate  that  the 
lack  of  chemical  reaction  between  the  lubricant  and  the  bearing  surface  may 
well  result  in  a reduction  in  wear  from  metal  particles  and  oxide  formation. 

The  ester  studied  shows  the  same  reduced  trend  for  reaction  between  the 
metal  and  the  lubricant  in  the  presence  of  the  inhibitor.  However,  the  total 
wear  Including  metal  particles  and  metal  oxide  formation  is  not  reduced. 

Tests  with  the  ester  in  a nitrogen  atmosphere  show  corrosion  tendencies  as 
severe  or  more  severe  than  those  of  the  uninhibited  ester  in  the  present e of 
oxygen.  Both  mlcrocorroslon  tests  (5)  and  wear  tests  with  d i-2-et liv Ihexy 1 
sebacate  under  a nitrogen  atmosphere  show  corrosive  r bar ac te r i st i t s . 
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Mlcrocorroslon  studies  (5)  with  steel  surfaces  and  mild  oxidation 
conditions  at  347“?  produce  an  oil  soluble  organometal 1 ic  product  which  is 
then  converted  by  further  reaction  with  oxygen  to  an  oi 1-insoluble , pyridine- 
soluble  organometallic  material.  Indications  are  that  the  more  severe  the 
test  conditions  the  faster  the  conversion  of  the  organometallic  to  the  oil 
insoluble  phase.  The  presence  of  an  oxidation  inhibitor  has  the  effect  of 
reducing  the  rate  of  production  of  organometallic  product  at  a given  tempera- 
ture and  level  of  oxygen.  One  effect  of  the  presence  of  oxidation  inhibitor 
in  the  test  fluids  is  the  reduction  of  total  organometallic  compounds  produced 
as  shown  on  Table  A. 3.  In  two  of  the  three  tests  with  inhibited  fluids  some 
oil  soluble  organometallic  product  is  evident  These  data  suggest  that  wear 
control  may  be  more  closely  related  to  the  oxygen-fluid  activity  than  to  the 
activity  between  the  oxygen  and  the  metal  of  the  bearing  surface.  These  data 
show  that  the  same  general  results  can  be  achieved  by  reducing  the  rate  of 
reaction  between  the  dissolved  oxygen  and  the  liquid  lubricant  as  by  reducing 
the  amount  of  oxygen  available.  Based  on  these  data  the  role  of  direct  action 
between  the  bearing  surface  and  the  dissolved  oxygen  does  not  appear  to  be 
the  controlling  factor  in  wear. 

A significant  problem  in  the  evaluation  of  wear  debris  as  a function  of 
condition  in  the  wearing  conjunction  of  the  four-ball  wear  tester  is  the 
continuous  change  in  unit  loading  in  the  bearing  as  the  wear  surface  changes. 
The  changing  pressure  will  also  Influence  the  film  thickness  in  the  con- 
junction and  the  temperature  and  pressure  conditions  contributing  to  the 
chemical  reaction  that  might  take  place  as  well  as  the  kinetics  of  the 
reaction.  The  choice  of  a 40-kllogram  load  in  the  four-ball  wear  tester  is 
designed  to  produce  a large  wear  scar  and  a more  significant  volume  of  fluid 
in  the  reaction  zone.  However,  at  the  start  of  each  test  the  load  and 
temperature  in  the  conjunction  ate  at  the  maximum  value  and  the  volume  of 
lubricant  in  the  conjunction  at  a minimum.  At  the  end  of  the  one-hour  test 
the  load  and  temperature  of  the  conjunction  are  probably  at  a minimum  value 
and  the  volume  of  the  liquid  lubricant  at  a maximum. 

In  order  to  observe  the  differences  between  the  behavior  of  the  fluid 
lubricant  and  the  conditions  in  the  wear  conjunction,  a series  ut  sequential 
tests  have  been  used.  A single,  one-hour  fout-ball  wear  test  is  used  as  the 
severe  portion  of  the  sequential  test.  The  analysis  from  this  one-hour  test 
is  carried  out  using  the  analytical  procedures  described  with  minor  modifica- 
tions. The  wear  scars  are  measured  without  removing  the  balls  i rom  the  ball 
pot.  The  debris  is  removed  from  the  ball  pot  and  spindle  without  distutbing 
the  geometry  of  the  four-ball  wear  tester.  A second  one-hour  wear  test  is 
then  conducted  with  the  same  bearing  system  with  a new  charge  ol  test  fluid. 
The  second  hour  test  starts  on  the  wear  scar  generated  by  the  lirsl  hour  and 
shows  only  a small  change  in  scar  size  during  this  portion  ol  the  test. 
Sequential  tests  for  dl-2-ethy Ihexy 1 sebacate  and  the  two  super-r e t ined 
mineral  oils  are  shown  in  Tables  A. 4 and  A. 5.  Tests  ate  shown  for  both  air 
and  nitrogen  atmospheres. 

The  results  of  the  reduction  of  environmental  severity  (temperature  and 
pressure)  on  the  reaction  between  the  oxygen,  the  fluid  and  the  metal  is 
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consistent.  The  second  test  In  the  sequence  produces  a much  smaller  quantity 
of  organometalllc  product  than  the  first  test  where  conditions  are  more  severe. 
The  reduction  In  test  severity  for  the  second  test  in  the  sequence  also 
changes  the  type  of  organometalllc  product  formed.  In  all  of  the  second 
sequential  tests  there  is  evidence  of  oil  soluble  organometalllc  product. 

As  suggested  previously,  this  type  of  organometalllc  product  is  associated 
with  test  conditions  that  are  less  severe  than  those  producing  only  oll- 
Insoluble,  pyridine-soluble  organometalllc  product. 

The  amount  of  iron  and  iron  oxide  particles  generated  in  the  sequential 
tests  Is  substantially  the  same  for  both  of  the  sequential  tests.  The  large 
quantity  of  surface  area  of  iron  and  Iron  oxide  generated  under  the  fluid 
surface  has  been  considered  to  be  a potential  catalytic  source  for  the 
reactions  involving  the  generation  of  organic  and  organometalllc  products 
found  in  the  wear  debris.  The  presence  of  the  large  surface  areas  on  the 
wear  scar  and  metal  wear  debris  for  the  second  run  in  the  sequence  obviously 
did  not  contribute  to  the  generation  of  Increased  quantities  of  organometalllc 
product.  The  production  of  these  organometalllcs  appears  to  follow  the 
predicted  reduction  in  surface  temperatures  with  Increasing  bearing  area. 

The  most  notable  point  of  data  to  illustrate  this  trend  is  the  case  of  the 
high  viscosity  super-refined  mineral  oil  MLO  7625  (75  centistokes  at  100“F) 
which  shows  by  far  the  largest  reduction  in  the  generation  of  organometalllcs 
in  the  second  test  in  the  sequence. 

A series  of  tests,  starting  in  each  case  with  a new  set  of  test  balls, 
has  been  run  to  evaluate  the  effect  of  test  time  and  severity  on  a cumulative 
basis.  These  tests  also  provide  a series  of  check  points  to  establish  the 
repeatability  of  this  test  method.  A series  of  tests  between  5 and  140 
minutes  have  been  utilized  to  evaluate  the  role  of  the  reaction  producing  the 
organometalllc  product  in  the  run-in  of  a four-ball  wear  tester.  For  these 
tests  only  the  total  organometalllcs  and  the  sum  of  metal  and  metal  oxide 
wear  debris  are  determined.  The  wear  values  for  di-2-ethy Ihexy 1 sebacate  are 
shown  in  Figure  A.l  and  those  for  IILO  7625  super-refined  mineral  oil  are 
shown  on  Figure  A. 2.  Both  figures  show  the  same  general  trends.  That  is, 
the  formation  of  iron  and  iron  oxide  in  the  Insoluble  wear  debris  increases 
linearly  with  test  time.  The  concentration  of  the  organometalllc  products 
shows  a typical  wear-in  period  followed  by  a period  ot  little  additional 
activity  in  the  formation  of  these  products.  These  data  suggest  that  the 
chemical  activity  associated  with  boundary  lubrication  may  be  determined  by 
the  organometalllc  product  formed.  Adhesive  wear  on  the  other  hand  may  be 
less  directly  related  to  chemical  reaction  at  the  bearing  surface. 

Cone  fusions . The  four-ball  wear  tester  can  be  used  successfully  as  a 
boundary  lubrication  tester  for  the  study  of  the  chemical  effects  that  take 
place  at  the  wearing  surfaces.  Relative  amounts  of  metallic  and  metal  oxide 
as  well  as  organometalllc  and  organic  wear  debris  can  be  measured  repeatably 
for  lubrication  under  a variety  of  load  and  environmental  conditions. 

For  super-refined  mineral  oils  where  dissolved  oxygen  has  been  shown  to 
be  an  effective  lubricity  additive,  a significant  reaction  between  the 
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lubricant;  oxygen;  and  the  metal  appears  to  play  an  important  role  in  the 
lubrication  mechanism.  The  reduction  in  the  formation  of  crganometallic 
product  as  well  as  a reduction  in  iron  oxide  debris  with  reduced  oxygen 
concentration  demonstrates  the  separate  chemical  reaction  paths  of  oxygen  in 
boundary  lubrication.  The  improvement  in  wear  with  reduced  cxygen  concentra- 
tion appears  to  indicate  a relaticnshlp  between  chemical  reaction  and  the 
wear  mechanism. 

The  relative  concentrations  of  organometal lie  product  as  a function  of 
rest  time  indicates  that  the  chemical  reaction  producing  the  organometallic 
products  determines  the  relative  severity  of  wear.  The  use  of  oxidation 
inhibitors  which  control  the  rate  of  reaction  between  oxygen,  the  fluid,  and 
the  metal  surface  has  an  effect  si'iilar  to  that  of  lowering  the  oxygen 
concentration.  Conditions  which,  based  on  elastchydr cdynamic  theory,  tend 
to  lower  the  environmental  severity  in  the  concentrated  contact  zone  also 
lower  the  chemical  activity  noted. 

The  trends  noted  in  this  activity  are  all  consistent  with  the  predicted 
qualitative  trends  of  reaction  kinetics.  More  quantitative  data  could  be 
produced  with  additional  analytical  refinements  using  these  general  test 
techniques . 
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FLOW  PLAN  FOR  SEPARATION  OF  WEAR  DEBRIS 
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Table  A. 2 


Below  lind-t  of  detection 


WEAR  DEBRIS  FORMED  BY  SEVERAL  INHIBITED  FLUIDS 


o 

•H  W 

• P3 
i-*  00  I 

60^  e < 
la  <y 


n)  la  00  < 
*J  pO  B 


o 

c 

r-l  0) 

o .c 
c o. 

<U  (0 

O pC  -H 

d « 

N *t3  T3 
CO  O 0) 
•H  M l4 

pC  <U  <U 
T) 

c d c 

d 

Cl  3:  rc 


01 

pC 

6^ 

d. 

0 

•H 

• 

' • 

iH 

4J 

U 

u 

d 

2f 

:a: 

II 

r>. 

01 

• 

0 

0 

0 

T3 

0 

la 

<0 

01 

»-< 

0 

4J 

Oa 

•-1 

d 

XJ 

+ 

+ 

• •> 

la 

jd 

c 

60 

00 

m 

CM 

• 

01 

rx- 

VO 

0. 

t:- 

r-x 

fXs 

la 

a 

m 

0 

0 

0 

. II 

0 

d d 

OL.  .<14 

0 

S-/ 

\0 

0 

+ 

M 

r~l 

r-1 

II 

di 

/»~S 

•r^ 

0 

0 

0 

T5 

a* 

•H 

0 

CO 

rx 

•H 

01 

0 

r-x. 

d 

d 

a 

B 

la 

la 

CO 

iJ 

0 

01 

01 

< 

d 

d 

u 

U) 

u 

5: 

Nw' 

01 

CO 

H 

0) 

Cl 

0 

CJ 

H 

xJ 

•7-1 

•H 

d 

d 

d 

• • 

0 

•H 

01 

0 

• 

d 

‘xa 

pC 

•0 

H 

pO 

4a 

XJ 

3 

B 

01 

d 

-C 

iH 

CO 

la 

a. 

0 

0 

d 

d 

d 

CM 

r-l 

Pa 

22 

M 

II 

TJ 

-0 

cn 

01 

0) 

01 

d 

T3 

pd 

d 

d 

0 

01 

♦-H 

•H 

*rM 

•H 

00 

>>  'M 

4a 

iJ 

li 

• 

-C 

01 

01 

•H 

d 

m 

4J 

la 

l4 

Tl 

r- ( 

w 

1 

! 

d 

u 

1 

la 

la 

0 

• 

CM 

01 

01 

u 

T3 

0 

1 

o< 

0. 

•H 

•r^ 

3 

3 

i-» 

3 

a 

CO 

CO 

CO 

•H 

0 

U. 

U 

H 

4-J 

• 

« 

• 

» »k 

d 

CM 

CO 

la 

• 

CQ 

d 

la 

0 

pC 

•> 

S 

CO 

fH 

TJ 

iH 

♦r^ 

t— 1 

If 

*■ 

3 

CO 

01 

1 

l . 

01 

•••< 

a > 

XJ 

y 

H 

CO 

CO 

0 

d 

iu 

H 

W >N  fH 
W ,0  fH  T3 

0 d 

J c3 


H p£>  fO  00 
'H  3 U g 
O iH  0) 

O X 
to 


01 

d 0)  •* 

•H  IH  rH  * 
73  JD  OJ  00 
•H  P B 


la  iH  (3 

>>02: 

CU  CO 


Cl  ^ la 

00  O O 

d CO  U • 

la  Cl  S 
O la  f:  E 

> d d 

< Cl  *H 

:s  o 


WEAR  PRODUCTS  FROM  FIRST  HOUR  RUN  IN  THE  FOUR-BALL  WEAR  TESTER 


o • 


•H  (A 

/p\ 

tS  *r4 

• CO 

00 

fs. 

X 

PN. 

^ »Nl 

60  1 

o 

CM 

CO 

o 

00 

X 

QOX 

B < 

• 

• 

• 

• 

* 

• 

u Cl 

w 

iH 

pH 

o 

o 

o 

O 

U4 

o a 

r- 

vO 

(A 

^ *^4 

• p-\ 

fM 

O 

ON 

P-* 

X 

•<T 

(Q  U 

60  < 

vn 

o 

X 

o 

X 

II 

u X 

B 

• 

• 

• 

• 

• 

• 

U 

O 01 

fH 

fH 

X 

X 

X 

O 

• • 

H a 

01 

E H 

0 ^ 

01 

60  pM  X 

H • 

C . 

a 3 

X 

X 

tn 

X 

r>. 

MT 

O 

• 

•fH 

3 pH  (A 

O 

cn 

o 

X 

X 

^ Z 

60 

•3  ' 

■H  0 ^ 

X 

CM 

PN. 

cy\ 

X 

X 

(/) 

E 

*3 

0 (A  3 

pH 

CM 

X 

X 

X 

X 

^ -s 

to 

CA  C AH 

• 

• 

• 

• 

• 

• 

«• 

•H  0> 

o 

o 

o 

o 

o 

o 

4J 

(A 

>.pH  E 

• • 

tA 

X pH  -O 

• OQ 

0 

3 d 

CkO 

M -3 

fJ 

3 

0^ 

O Pu 

to 

60 

3 

01 

c 

O 

n ^ 

z 

•pI 

U>  C 

X 

CM 

ts 

X 

00 

r- 

Q) 

u . 

C 3 p-x 

pH 

CM 

CM 

CM 

X 

f-H 

•O  0) 

pM 

3 

60  ^ X 

• 

• 

• 

• 

• 

* 

(0  iJ 

to 

01  T4  0)  W 

o 

O 

o 

O 

o 

O 

0 Vi 

u 

X 

01  tAH 

o 

^ UH 

o 

H 

>» 

•H 

.*»o 

X 

•3 

• ^ 

6 1 

• CN 

0) 

01  pH 

• 

o> 

C X 

AX 

X 

o 

pH 

M n 

CO 

tN 

3 

pH  • 

pH 

IX 

ps. 

X 

CH 

v£> 

T3  *H 

3 60 

fH 

-J* 

o 

X 

CM 

O' 

o w 

p*s. 

•H  O 

u E 

pH 

pH 

X 

X 

X 

O 

o bO 

U CA 

3 

• 

• 

• 

• 

• 

vd  C 

o 

O 

>%  C 

s 

o 

o 

o 

o 

o 

O 

•H 
W U 

Oh  m 

<0 

'w' 

•o  0) 

01 

A 

0)  0Q 

rH 

pH 

pH  • 

•K 

■K 

•K 

■K 

* 

* 

0) 

•r^ 

y-N 

pH  X 

3 60 

X 

X 

X 

X 

X 

X 

O.  T3 

O 

o 

o 

•H  3 

AH  B 

Q 

Q 

a 

Q 

Q 

Q 

W c 

fH 

O pH 

3 

CQ 

CQ 

so 

CO 

cQ 

CQ 

c3 

i—l 

r««* 

O 

X 

4J 

to 

to 

rx* 

Vi 

yj 

u 

o;  * 

0) 

O 

H 

c: 

c 

c4 

01 

s 

'w' 

C 01 
•fH  pH 

pH  • 

CM 

CM 

00 

O 

X 

•• 

-O  X 

3 60 

CO 

IX 

X 

MJ- 

PM 

X 

ai 

u 

o 

0) 

•H  3 

AH  e 

ps. 

P^^ 

X 

P>.. 

<r 

X 

(I 

•H 

•H 

ij 

U pH 

3 

o 

o 

o 

O 

o 

O 

:3 

c 

c 

to 

o 

X 

• 

• 

• 

• 

• 

0) 

f-l 

o 

3 

(Xi  Vi 

o 

o 

o 

o 

o 

O 

o E 

<4-1 

J3 

to 

C3  -H 

4J 

Xi 

M H 

to 

-C 

0) 

Cu  Vi 

« 4J 

to 

<0 

c 

d 

ci  (0 

z 

1— I 

V. 

u 

u 

3 

3 

3 

o a 

• 

•H 

•H 

60 

60 

60 

•H  H 

T3 

*3 

U 

V) 

< 

< 

< 

O 

o 

O 

0) 

0) 

<li 

(A 

o 

U 

u 

U 

•iH  •** 

c: 

c 

X 

01 

6 

S' 

u 

iJ 

TJ  • 

•H 

•H 

H 

iJ 

u 

U 

•H 

•rH 

•H 

Ci  rd 

u-t 

>s 

< 

Q 

a 

o 

z 

z 

z 

0 E 

Q) 

U 

X 

u 

U 

4J 

o 

1 

u 

4J  CM 

U 

Wi 

1 

u 

p 

(A 

0) 

o; 

CM 

OJ  to 

u 

0)  II 

a 

o. 

1 

60  U 

3 

H 

3 

3 

•H 

to  Vi 

u • 

'•T 

CO 

<x 

o 

X 

r>. 

TJ 

V) 

V) 

Q 

u 

3 0 

px. 

Ps. 

X 

X 

<• 

o 

01  U 

E d 

• 

• 

• 

• 

• 

> to 

3 

O 

o 

o 

O 

o 

O 

0)  u 

*• 

< 0> 

DC  «3 

(A 

Q 

X 

•o 

•K 

M u 

•H 

•K 

3 

o 

O' 

X 

o 

X 

rj  'tj 

pH 

CO 

CM 

X 

00 

rj 

cO  >f4 

iJ 

*3 

r>. 

r>s 

X 

p^ 

r-» 

X 

1 3 

y) 

•iH 

p-w 

fN. 

X 

P>w 

U-  .H 

IJ 

01 

3 

3 t*. 

J) 

H 

pH 

o 

O 

o 

O 

o 

o 

0 

b« 

0) 

H 

X 

X 

(N 

<’ 


il 


151 


k 


* Below  limit  of  detection. 
**  Data  also  appears  on  Table 
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